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We studied optical, electrical, and magnetic field responses of films and devices 
based on organic semiconductors that are used for organic light emitting diodes (OLEDs) 
and photovoltaic (OPV) solar cell applications.  
Our studies show that the hyperfine interaction (HFI)-mediated spin mixing is the 
key process underlying various magnetic field effects (MFE) and spin transport in 
aluminum tris(8-hydroxyquinoline)[Alq3]-based OLEDs and organic spin-valve (OSV). 
Conductivity-detected magnetic resonance in OLEDs and magneto-resistance (MR) in 
OSVs show substantial isotope dependence. In contrast, isotope-insensitive behavior in 
the magneto-conductance (MC) of same devices is explained by the collision of spin ½ 
carriers with triplet polaron pairs. 
We used steady state optical spectroscopy for studying the energy transfer 
dynamics in films and OLEDs based on host-guest blends of the fluorescent polymer and 
phosphorescent molecule. We have also studied the magnetic-field controlled color 
manipulation in these devices, which provide a strong proof for the ‘polaron-pair’ 
mechanism underlying the MFE in organic devices. 
The critical issue that hampers organic spintronics device applications is 
significant magneto-electroluminescence (MEL) at room temperature (RT). Whereas 
inorganic spin valves (ISVs) show RT magneto-resistance, MR>80%, however, the 




EL emission, and are particularly attractive because of their flexibility, low cost, and 
potential for multicolor display. We report a conceptual novel hybrid organic/inorganic 
spintronics device (h-OLED), where we employ both ISV with large MR at RT, and 
OLED that has efficient EL emission.   
We investigated the charge transfer process in an OPV solar cell through optical, 
electrical, and magnetic field measurements of thin films and devices based on a low 
bandgap polymer, PTB7 (fluorinated poly-thienothiophene-benzodithiophene). We found 
that one of the major losses that limit the power conversion efficiency of OPV devices is 
the formation of triplet excitons in the polymer through recombination of charge-transfer 
(CT) excitons at the interface, and presented a method to suppress the dissociation of CT 
states by incorporating the spin ½ additive, galvinoxyl in the bulk heterojunction 
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The most commonly used semiconducting material, silicon, has high carrier 
mobility and device stability. But the production of pure silicon is expensive since it 
occurs exclusively in oxidized states and its chemical reduction requires a large amount 
of energy [1]. In addition, fabricating the electronic device using inorganic materials 
requires multiple etching, deposition, and lithographic steps. In contrast, the possibility of 
chemically manipulating the material properties of polymers (plastics) combined with a 
variety of easy and cheap processing techniques has made polymer-based materials 
present in almost every aspect of modern society [2]. Although to date inorganic 
semiconductors are still the most popular materials in the electronic industry, the unique 
properties of organic semiconductors, such as electroluminescence, flexibility, solubility, 
light weight, low cost, and easily tunable bandgap, make them very attractive for a 
number of novel optoelectronic applications such as organic light emitting diodes 
(OLEDs) [3], organic photovoltaic cells (OPVs) [4], organic field effect transistors 
(OFETs) [5], organic spin valves [6], thin film magnetometers [7], etc. In the early days, 
polymers were considered to be insulators. However, in the 1970s, researchers succeeded 
doping the polymers, which increased their conductivity by several orders of magnitude, 





view.  Several doping methods were introduced to produce conducting polymer known as 
“synthetic metals” [8]. In the present chapter, we present a brief review of π-conjugated 
polymer physics and applications in the fields of photovoltaics and light emitting diodes.  
 
1.1 π-Conjugated Polymers (PCP) 
Organic materials mainly consist of carbon atoms which have 4 valence electrons; 
1 s electron and 3 p-electrons. In a molecule, the carbon atoms hybridize with other 
atoms to form covalent bonds. The bond between carbon and the other atoms may be 
single, double, or triple depending on the number of shared electrons, namely 1, 2, or 3. If 
all the valence electrons are singly bonded (sp
3
 hybridization), they form the strong σ-
bonding which leads to a bandgap of more than 5eV, and thus the molecule would  be an 
insulator. In case of a double bond, known as sp
2
 hybridization, several bonds become σ-
bonded, whereas the other is a much weaker π-bond. Bonding and hybridization schemes 
are shown in Figure 1.1. The σ bonds are strong and determine the shape of the 
backbone, whereas the π-electrons are loosely bound, delocalized over a number of 
intrachain carbon atoms [9], and are primarily responsible for the electronic and optical 
properties of the polymer. Throughout this thesis, polymer refers to the carbon-based 
macromolecule of high molecular weight (>1000g/mole) that consists of a large number 
of repeat units forming a chain that may have side groups. The polymer with sp
2
 
hybridization, called π-conjugated polymer, has one π-electron per C-atom in the chain, 
forming a half-filled electronic band. However, this one-dimensional electron distorts and 
dimerizes, doubling the period of the -electronic potential (Peierls’ instability) due to 





Figure 1.1. Bonding scheme for π-conjugated polymer. (a) SP2 hybridization in excited 
states.  Bond diagram for (b) SP
3
 hybridization in ethane and (c) SP
2
 hybridization in 
ethane (Adapted from www.collegiate.com). (d) Chemical structure of trans-













k= ±π/2a [10]. The energy gap between the highest occupied molecular orbital (HOMO) 
and the lowest occupied molecular orbital (LUMO) can be tuned with different molecular 
combinations of the polymer by changing the extent of  π-electrons’ delocalization. This 
makes the -conjugated polymers exciting for both pure academic research and 
optoelectronic applications. 
 
1.2 Excitation Models in π-Conjugated Polymers 
Several models are introduced to explain the excitations in π-conjugated polymer. 
The simplest model, which only considers the nearest neighbour interactions based on the 
tight binding approximation, is the Huckel model [10]. This approximation well describes 
the bandgap of the polymer but cannot explain the  excitation energy levels. The Su, 
Schrieffer, and Heeger (SSH) model [11] was introduced by incorporating only the 
electron-phonon interaction and a restoring energy. This model uses the semiclassical 
Hamiltonian which contains classically treated lattice kinetic energy and a quantum 





where t0 is the hopping integral between the nearest neighbors for an undistorted chain, α 
is the electron lattice coupling constant, and 

snC ,  and snC ,  are the creation and 
annihilation operators of an electron on site n with spin s. k is the spring constant due to 
π-electrons and un is the deviation of n
th
 site from the equilibrium position in an 





















dimerization lowers the system energy and opens an energy gap, Eg= 2Δ, where Δ= 4αu, 
and u is the dimerization amplitude in equilibrium. Consequently, the occupied electronic 
states in equilibrium are lowered, resulting in a more stable configuration where the 
lattice constant is doubled. 
In contrast, in the Hubbard model, only the repulsion between two electrons on 
the same site is included. Hubbard Hamiltonian is: 





where U is Coulomb repulsion between two electrons on the same site,      and      are 
the density operators for the electron with spin up and spin down, respectively. Since the 
Hubbard model does not take into account electron-phonon interaction, which is quite 
strong in the PCP, and the SSH model neglects the Coulomb repulsion, a combination of 
these two models, known as the Pariser-Parr-Pople (PPP) model [12], is more realistic to 
use for explaining the energy levels in PCP. This model can explain many aspects of the 
excited states in PCP, and was also used to explain the energy levels in fullerene 
molecules and nanotubes. 
 
1.3 Major Excitations in the Class of π-Conjugated Polymers 
The excitations in PCP can be classified in two classes, namely charged or 
neutral. When photons with above gap energy excite the PCP, neutral excitations, called 
excitons, are created. Initially, they have spin 0, and later they may either undergo 
intersystem crossing to the triplet manifold having spin 1, or dissociate into two separate 
charges, called polarons. In electrical excitation (i.e. current injection), charged 





pairs that recombine to form singlet and triplet excitons.  Here, we will discuss these two 
major type of excitations. 
 
1.3.1 Excitons 
Singlet excitons (SE) are formed when an electron is promoted from HOMO to 
LUMO upon photon absorption. Excitons in PCP are coulombically bound electron-hole 
pairs and have binding energy of the order of ~0.5eV. SE may either radiatively 
recombine to the ground state by emitting light called photoluminescence (PL) or transfer 
to the triplet exciton (TE) state. Both SE and TE are neutral excitations and the 












  (1. 3) 
 
where       and       are the spatial and the spin part of the wavefunction, respectively. 
The total spin quantum number (S) can be either 0 for SE and or 1 for TE. Thus, there are 























1   S  (1. 7) 
 
where   and   symbols represent the spin projection of χ as up and down, respectively. In 





usually the triplet has the lower energy level. Singlet exciton bands are shown in Figure 
1.2(a). In the energy band diagram, 1Ag is the ground state and 1Bu, mAg, and kAg are the 
excited singlet states, where g stands for gerade (even parity) and u stands for ungerade 
(odd parity). The dipole coupled transitions from 1Bu to higher lying Ag states are shown 
in this figure by the vertical arrows which can be observed by ultrafast pump-probe 
techniques. Singlet exciton from 1Bu state can either decay to the ground state, emitting 
PL or heat in Figure 1.2(a), or convert to triplet 1
3
Bu state. Triplet excitons are long-lived 
species and thus can be probed with CW pump-probe techniques. 
Sometimes, a triplet exciton can radiatively decay in the presence of a spin 
flipping mechanism such as spin-orbit coupling; this type of emission is called 
phosphorescence and typically has longer lifetime, on the order of milliseconds [13]. 
Phosphorescence is not a general case in organic materials, so we have to use the photo-
induced absorption technique to monitor the density of the triplet excitons in the material, 
where transitions in the triplet manifold may occur, as shown in Figure 1.2(b). 
 
1.3.2 Polarons 
The intermolecular forces in organic molecules are due to Van der Waals 
interaction, which is much weaker than the covalent or ionic bonding in inorganic 
materials. Consequently, a moving charge carrier can distort the lattice and thus form a 
quasi-particle called polaron where the lattice deformation moves along with the charge 
carrier. A polaron can be charged positively (P
+
) or negatively (P
-
) and has spin ½. It has 
two localized states within the gap that lead to two allowed transitions, P1 and P2, as 









Figure 1.2. Neutral photoexcitations in PCP. (a) Singlet exciton and (b) triplet exciton 
energy levels and the transitions. 
Figure 1.3. Charged excitations in PCP and their related optical transitions. Negative 





optically by photon absorption, and electrically by carrier injection. Polaron transitions 
can be observed by CW pump-probe method. In general, we get both excitons and 
polarons in the pump-probe technique and there are several ways two identify them. In 
this thesis, Doping-induced Absorption (DIA), Magneto-Photo-induced Absorption 
(MPA), and the Optically-detected Magnetic Resonance (ODMR) methods are employed 
to identify the polaron transitions. Polarons move from chain to chain by hopping through 
the discrete and localized energy levels, and they are the major charge carrier in organic 
devices such as photovoltaic and light emitting diodes. 
 
1.3.3 Other Excitations 
Besides excitons and polarons, there are several other excitations discussed in the 
literature (e.g. polaron pairs, bipolarons, excimers, exciplexes, etc). Excimers and 
exciplexes are interchain species, which are generated due to the interaction of two 
adjacent chains in PCPs. They are formed when the neighboring molecules share the 
excited state π-electrons. The formation of an excimer is accompanied by a strong 
geometric distortion along the intermolecular axis. Excimers usually quench the 
luminescence due to their large nonradiative decay rate. If sharing of the electrons is not 
equal in terms of π-electron density, exciplexes are formed with a partial degree of charge 
transfer character. 
Polaron pairs (PPs) are the combination of two oppositely charged polarons 
formed on adjacent polymer chains [14]. PPs are coulombically bound intermediate state 
between free polarons and excitons. A polaron pair may be formed either by the 





initially has spin 0, or by the polarons from an unrelated electron and hole which is 
known as a nongeminate pair and can have both spin 0 and 1. Two polarons of the same 
charge on the same site is called bipolaron (BP).  BPs are formed in cases of high polaron 
density of one charge that is formed by heavily doping, which can distort the lattice to 
overcome the coulomb repulsion.  
 
1.4 Organic Photovoltaic (OPV) 
To address the issue of the energy crisis, people are constantly looking for 
renewable energy sources, and the solar cell is one alternative. Although inorganic solar 
cells were invented and commercialized several decades ago, their complicated 
fabrication process makes them too expensive, and so research into their counterpart, 
organic solar cells, has been carried on. However, low power conversion efficiency 
(PCE), degradation, and limited lifetime of the OPV are the main challenges to be 
improved prior to commercialization. Light absorption in OPV based on pristine 
polymers is followed by exciton formation and their dissociation into polarons, which has 
low mobility compared to free carriers in inorganic solar cells. Furthermore, the 
intermediate step of exciton dissociation is not efficient enough to achieve high PCE and 
is not clearly understood to date. The exciton dissociation efficiency increases when two 
organic semiconductors are mixed together. Then one acts as donor, and the other acts as 
acceptor. This is the case when PCPs are mixed with fullerene molecules. Under this 
condition, the PCP acts as donor (D) and the fullerene molecule acts as acceptor (A).  
The device structure of the OPV cell is as follows: Anode/organic layer/Cathode. 





anode followed by the PEDOT:PSS as the hole transport layer and calcium (Ca) and 
Aluminum (Al) are used as cathode and capping layer, respectively. The organic layer 
can be a single layer, bilayer/multilayer, or D-A bulk heterojunction (BHJ). In single 
layer OPV, excitons cannot dissociate easily, whereas a bilayer, which consists of two 
materials, donor and acceptor, creates an internal electric field which allows them to 
dissociate more easily [15]. Excitons have the diffusion length of only a few nm, so the 
excitons created far from the Donor/Acceptor (D/A) interface will not be able to 
dissociate. There will be “photon loss” without absorption if the layers are too thin and 
“exciton loss” without dissociation if the layers are too thick. To overcome this situation, 
either the D/A multilayer or a BHJ solar cell is introduced [16]. BHJs are a solution 
processed, phase separated, interpenetrating network of D/A domains [17, 18]. If the 
exciton diffusion length is comparable to the domain size of the donor polymer, then each 
exciton has the possibility to dissociate. For the efficient transport of the charges, 
continuous pathways to the electrode are needed, which may not always be the case (for 
example, polymer domains are surrounded completely by the fullerenes and vice-versa) 
and so, there has been tremendous effort put toward improving morphology [19].  
The working principle of OPV is shown in Figure 1.4. First, photons are absorbed 
by the polymer creating the excitons. Low bandgap polymers are developed, which can 
absorb the infrared solar spectrum and so increase the number of absorbed photons. 
Second, excitons diffuse toward the D-A interface within a time range of picoseconds 
[20, 21], and form the CT-state upon arrival [22, 23]. Third, CT excitons dissociate into 
weakly bound PPs at the interface. CT-excitons may relax to form the triplet exciton or 

























Figure 1.4. Working scheme in OPV. Process 1: Absorption of photon. Process 2: 
Exciton diffusion towards the interface. Process 3: Exciton dissociation to form the free 





separated free polarons move toward the respective electrode producing the photo-current 
(PC). The PCE of OPV depends on the efficiency of the above-mentioned four processes: 
absorption, diffusion, dissociation, and transport. Details of the photovoltaics’ I-V 
characteristics under illumination will be explained in Chapter 2 section 2.9. 
 
1.5 Organic Light Emitting Diodes 
Organic light emitting diodes (OLED) use the organic layer as an emissive 
electroluminescence layer sandwiched between the electrodes. Interest in OLED was 
initiated by Tang and Vanslyke in 1987 [25] where they used Alq3 as the organic layer. 
Later, polymer LEDs were introduced [3] and consistent efforts aimed to optimize the 
device working condition and maximize electroluminescence quantum efficiency. 
Typical device structure and the working processes are shown in Figure 1.5. Instead of 
injecting photons to produce the excitons as in OPV, electrical current is injected from 
the electrodes in OLED. The device structure is similar as in OPV, except that an 
emissive layer replaces the organic BHJ layer. Materials for anode, cathode, and carrier 
transport layers are selected by matching the HOMO/LUMO of the semiconductor and 
the work-function of the metal electrode. Carrier injected through the electrodes enters 
the emissive layer where it transports by hopping [26] between the discrete localized 
LUMO levels, since the energy levels do not form the band due to defects, distribution of 
chain length, and the kinks.  Holes and electrons injected in the polymer may form the 
following three different species: (i) polaron pairs formed by oppositely charged carriers 
in adjacent chains bounded by coulombic interaction, (ii) bipolarons formed by same 






Figure 1.5. Organic light emitting diode. (a) Device structure. (b) Working scheme:        
1. Charge carrier injection. 2. Charge carrier transport.  3. e-h pair, and then exciton 






separated oppositely charged carriers on the same chain due to coulombic interactions. 
Singlet excitons within the coulomb capture radius rc, given by Eq. (1.8) will recombine 
and emit light. 
    
  




The EL internal quantum efficiency, ηint, of the OLED is the product of the three 
factors [27]: 
             
(1. 9) 
 
where η1 is the fraction of excitons formed to the number of carriers injected, η2 is the 
fraction of radiative singlet excitons to the total number of excitons, and η3 is the 
quantum efficiency of fluorescence. EL external quantum efficiency (ELQE) is the 
product of ηint and the light output coupling factor, ηph~20%. If all and only the singlet 
excitons are emissive, ηint approaches 25% and ELQE approaches 5%. Phosphorescent 
OLEDs [28] and delayed fluorescence [29] are intensively studied to harvest both singlets 
and triplets so that ηint reaches 100% and the ELQE limit increases to 20%.  
The I-V and EL-V curve for the MEHPPV-based OLED is shown in Figure 1.6. 
At bias voltages lower than the built-in voltage, thermally generated carriers contribution 
is dominant, which follows the ohm’s law of voltage-current relation. Upon increasing 
the bias voltage, injected carriers form a space charge layer near the injecting 
metal/organic interface due to their low mobility. The current flow, J, is then governed by 
space charge limited current (SCLC) defined by Child’s law [30]: 
   
     










Figure 1.6. I-V and EL-V Characteristics of MEHPPV-based OLED. 

































layer. In the presence of traps, J is proportional to V
n
 on increasing the voltage before 
reaching the trap free regime [31]. In case of bipolar injection, µ is replaced by the µeff,  
which is given by, 
where µ0 is the recombination mobility [32]. 
 
1.6 The Magnetic Field Effect in Organic Semiconductors 
Recently, there has been growing interest in the magnetic field effect (MFE) in 
organic semiconductors. Magnetic field can change PA in the polymer film, 
conductance/resistance (MC/MR), and luminescence in OLEDs. There are also 
comprehensive studies on organic spin valve devices where spin-polarized charge 
carriers are injected through the ferromagnetic electrodes into the organic layer 
explained on the basis of giant magneto-resistance [33] and tunneling magneto-
resistance [34]. However, in this thesis, we will focus on the MFE on OLEDs and films 
with no ferromagnetic materials. Kalinowski et al. [35] demonstrated that 
electroluminescence and resistance can be modulated by a small magnetic field of the 
order~10 mT, the phenomenon is commonly known as magneto-resistance (MR). 
Magnetic field-induced change in the current, MC, defined by MC= (I(B)-I(0))/I(0) 











and its sign depends on the device architecture and materials, operating voltage, 
temperature, etc. A typical response of MC and MEL of MEHPPV OLED will be 
discussed in Chapter 2 section 2.10. It is generally accepted that the underlying 
mechanism for the MFE in the organics is the magnetic field modulation of singlet and 
      
 
 









triplet spin states that are mostly mediated by hyperfine interaction that affects their 
populations and dynamics. Several mechanisms for explaining MFE have been 
proposed: (i) spin mixing in polaron pairs [36] or bipolarons [37], (ii) difference in g-
factor (Δg) of electron and hole [38], (iii) a number of mechanism involving triplet 
excitons: exciton charge interaction [39], triplet-triplet annihilation [40], and (iv) spin-
orbit coupling in small molecules containing heavy atoms [41].  
In the bipolaron model, bipolaron formation between opposite spins occurs at 
lower energy states, overcoming the coulomb repulsion. Bipolarons with parallel spins 
cannot form due to the Pauli exclusion principle. In transport, the magnetic field 
prevents the polarons from hopping through sites that have the same spin, and so forcing 
the charges to take another route and thereby changing the mobility. This causes the 
change in the current in response to the magnetic field and thus causes magneto-current 
response. In the triplet exciton model, Desai et al. proposed that triplet excitons in the 
active layer react with paramagnetic centers such as free charges forming triplet-charge 
pairs, which either scatters back to triplet and free carrier or dissociates into free carrier 
and excited ground state (    
  
       
  
      
 ).  
In the ‘polaron pair’ model, the magnetic field mixes the spin singlet and triplet 
due to hyperfine interaction with the different rate after lifting the degeneracy of the 
triplet levels as shown in Figure 1.7 [42]. The conversion of singlet (S) to triplet occurs 
with entire triplet manifolds (T+, T0, T-) and only with the triplet level T0 in the absence 
and presence of magnetic field, respectively. Since dissociation and recombination rates 
for singlets and triplets are different, OMAR response is observed. If a finite exchange 






Figure 1.7. Polaron pair mechanism. Top to bottom: Injected negative and positive free 
charges form loosely bound shallow PP in either singlet PPS or triplet PPT configuration. 
There is substantial intersystem conversion (ISC) between singlet and triplet PP due to, 
e.g., the hyperfine interaction. dS and dT stand for the spin dependent PP dissociation rate 
back to free charges. kS and kT stand for the strongly bound singlet (SE) or triplet (TE) 
excitons generation rate. SE give rise to electro-luminescence with photon energy ℏw. 
Bottom to top: A photon ℏw excites SE, which quickly charge separate into loosely 
bound PP (dashed arrows). The PP dissociate to free charges giving rise to electrical 





singlets and triplets at a magnetic field that is equal to the exchange interaction (J). This 
effect is known as ‘level crossing’ (LC) and appears at ultra small magnetic field [43]. 
Finally in D-A blends, the electron and hole have different environment, and thus they 
possess different g-values. Under these conditions, the difference in spin precession 
frequency is (g1-g2)µBB/ℏ; and this contributes to the PP spin-mixing mechanism at high 
















This chapter introduces the methods employed to study the photophysics of 
polymer films, as well as the fabrication and characterization procedures of OPV and 
OLED devices. Since the organic materials are susceptible to atmospheric degradation in 
air, our measurements have been carried out either in vacuum or in encapsulated devices 
that minimize the exposure to air (mainly oxygen and water vapor). Sample preparation 
and processing have been done inside a glovebox in nitrogen atmosphere.  
 
2.1 Materials 
All of the materials used in this thesis can be classified into two categories: small 
π-conjugated molecules and π-conjugated polymers. Small molecules have molecular 
mass of less than 1000 g/mol and do not contain repeat units, whereas polymers have 
very high molecular mass (say tens of thousands of grams/mole) and can be characterized 
by repeat units dubbed monomers or chromophores. Films from small molecules are 
grown by evaporation technique from the vapor phase, whereas the polymer can be easily 
dissolved in various organic solvents, and subsequently spin-coated on a substrate 
forming a rather ‘smooth’ film. These two types of materials differ in their synthesis, 





optoelectronic devices that are included in this thesis are shown in Figure 2.1 with their 
molecular structures. Table 2.1 summarizes the various materials and their usage. Most of 
the materials were commercially purchased or received from our collaborators, whereas 
DOOPPV is synthesized in our laboratory by the chemist Mr. Leonard Wojcik. Materials 
and the chemical reagents are used as received, without further purification. 
 
2.2 Absorption and Emission Spectra 
Absorption and emission spectra are the basic firsthand measurements for 
measuring the optical gap of the material, and determine the radiative excited states. The 
photon is absorbed from the ground state, S0 to the excited state, S1 of which transition 
probability depends on the coupling of the excited states to the ground state which 
includes parity, angular momentum, and oscillator strength. 
The material absorption spectrum in the UV-visible and near infrared spectral 
range was measured using a CARY 17 spectrometer. The polymer solution is spin- 
coated onto a glass substrate, whereas the small molecule films are prepared by thermal 
evaporation onto glass or sapphire substrates.  The ‘substrate effect’ in the absorption is 
canceled out by measuring the absorption of the clean substrate first and assigning this 
spectrum as the baseline for the sample absorption measurement. Scattering and 
reflection are supposed to be very small in organic films and no correction has been 




      





Figure 2.1. Molecular structures. (a) MEHPPV (b) DOOPPV (c) PFO (d) Alq3 (e) 
Pt(tpbp) (f) Ir(btp)2acac (g) P3HT (h) PTB7 (i) PDTP-DFBT (j) PC61BM (k) PC71BM 













Table 2. 1. Organic materials and their usage. 
 
where T0 and the T are the wavelength-dependent transmitted signal intensity before and 
after the sample, respectively. OD is the optical density which is the product of the 
absorption coefficient (α) and the thickness of the sample (d). Figure 2.2 (black curve) 
shows a typical absorption spectrum of DOOPPV polymer. The onset of the absorption 
indicates that the optical gap in this polymer is ~2.1 eV . There should be several replica 
bands due to transitions from the ground state to the vibrational levels 0, 1, 2,.. of the 
excited states, as shown in the Figure 2.2 inset. Since the measurement was done at room 
temperature, these vibrational bands overlap and cannot be resolved; hence they conspire 
to show a broader absorption spectrum. 
For measuring the absorption spectrum in the mid-infrared spectral range, a 
Fourier transform infrared spectroscopy (FTIR) was used. In this method, a beam splitter 
splits the light from the source into two beams; one beam is reflected from the stationary 
mirror, and the other beam is reflected from the moving mirror. The two reflected beams 
are transmitted through the sample and the interference pattern is generated as a function 
of the mirror displacement. Fourier transform of this interferogram spectrum gives the 
absorption as the function of the wavelength in units of wavenumber (or cm
-1
). In our 
measurements, we used FTIR to measure the charged excited states in the polymer after 
Materials Used as 
P3HT, PTB7, PDTP-DFBT Donor polymers in OPV devices 
MEHPPV, Alq3, PFO, DOOPPV Active layer in OLED devices 
PC61BM, PC71BM Acceptor molecules in OPV cells 
PEDOT:PSS Hole transport layer in both OPV and 
OLED devices 
TEMPO, BDPA, Galvinoxyl Spin ½ additives in OPV cells 































it is doped with some oxidizing agent; details are explained in section 2.4. 
Once the electron is excited to a higher energy level, it decays to the ground state 
either radiatively in the form of fluorescence (FL) or nonradiatively in the form of heat. 
The radiative decay, where the excited state species emits a photon while reaching the 
ground state, can be measured using a photo-detector. For measuring the FL spectrum, a 
sample is deposited onto a sapphire substrate and kept inside a cryostat, since usually 
organic films are sensitive to the air. Appropriate pump energy that matches the material  
optical gap is used to excite the sample. Following Kasha’s rule, the emission spectrum 
begins at the lowest vibrational level. Therefore, the FL emission is red shifted as 
compared to absorption, and depending upon the vibrational overlap, several phonon 
replicas can be observed as shown in Figure 2.2 (blue curve) for Hydrogenated-
DOOPPV. In the plot, three distinct phonon bands 0-0, 0-1, and 0-2 are observed. These 
are the transitions from the lowest vibrational level (level 0) of the excited state to the 
vibrational levels 0, 1, and 2 of the ground state. The emission intensity depends on the 
overlap integral of the wave functions of the vibrational levels involved in transitions 
which is expressed in terms of Huang-Rhys parameter, S, determined by the exciton-
phonon coupling strength. The relative intensity of the 0-0 band to the 0-1 band is 
quenched by the interchain aggregation formation in the polymer. 
 
2.3 Photo-induced Absorption 
Continuous wave (CW) Photo-induced Absorption (PA) is the method used to 
detect long-lived photoexcitation species. Unlike the PL, where the emission intensity is 





measure the transition from the excited state to higher excited states. This is a kind of 
‘pump and probe’ measuring technique, but using CW light sources. A CW Ar+ ion laser 
is usually used as the ‘pump’ beam to excite the sample, which is kept inside the cryostat 
provided with the closed cycle refrigerator for reaching cryogenic temperatures. The 
photogenerated species density is substantially higher at low temperature, because of 
increase in lifetime. Several diode lasers have been also used for the pump excitation in 
order to get a better signal to noise (S/N) ratio.  For the probe beam, we have used a 
tungsten incandescent lamp with broad band emission from 4 micron to 0.4 micron. The 
probe light beam that passes through the sample is focused on a monochromator slit by a 
concave mirror as shown schematically in Figure 2.3. The monochromator grating, 
detector, and filters are adjusted according to the spectral range of interest, which spans 
from 450 nm to 4 m. Proper combination of detectors and filters is shown in Table 2.2. 
Germanium (Ge) and Indium Antimonide (InSb) detectors are cooled by liquid Nitrogen 
to reduce the thermal noise as they have low bandgap. A combination of the filters, or 
band pass filter are used (the latter in case of low signal intensity). The signal from the 
detector is fed to a preamplifier, converted into voltage, and sent to a lock- in amplifier 
connected to a computer. Measurements are done as a function of temperature using a 
closed cycle cryostat that operates from 35K to room temperature. We used a mechanical 
chopper to modulate the pump intensity at frequency of 305 Hz. 
Instead of measuring directly the absorption, transmission is measured and then 
the PA is calculated. The PA measurement consists of three different signals: (1) 
transmission intensity in the dark (TD); (2) emission intensity (PL); and (3) difference 



























Spectral Range(nm) Detector Filter 
550-1000 Silicon (Si) 550 long pass 
1000-1500 Germanium (Ge) 800 long pass 
1300-2500 Indium Antimonide (InSb) 1300 long pass 





corrections were made wherever necessary. The number of excited species is directly 
proportional to the change in transmission as shown below. 
 Δ        (2.2) 
       
 Δ   (2.3) 





       
(2.4) 
 





As ΔT<<TD,  
 





Usually, PA spectrum contains both PA when Δα >0 and photo-induced bleaching 
PB, when Δα<0. In the case of PA, new transient photoexcitations are generated, whereas 
PB is due to depletion of the ground state optical transition by the pump.  
Magnetic field induces changes in PA, which is dubbed magneto-PA(MPA); it is 
measured using the same setup as the PA. Electromagnet pole pieces are placed in plane 
to the sample across the cryostat. The PA spectrum with and without the magnetic field is 
measured and divided by the PA intensity without magnetic field to obtain the MPA 
(percentage), i.e, 
To obtain the desired magnetic field response of the PA spectrum in films, the 
monochromator was fixed at the desired wavelength where the triplet exciton PA or the 
polaron PA band were assigned, and the MPA is recorded while sweeping the magnetic 
field. 
        
           
     





The PA is calculated from the negative fractional change in transmission, which is 





              
(2.8) 
where NSS is the species steady state density, σ(E) is the photoexcitation optical cross- 
section, and E is the probe beam photon energy. Therefore, in a magnetic field, B, PA(B) 
is determined by the density NSS(B); which, in turn, is controlled by the photoexcitation 
species decay rate coefficient, k(B) [NSS=G/k], where G is the generation rate. The X 
species (X may be a polaron pair, triplet or triplet-pair) has an excited state transition 
X0X1, which is activated by the probe beam. For B ≠0, the X0 level splits according to 
the relevant spin multiplicity, L (L=3, 4, and 9, respectively for the S=1 TE; PP 
composed of two S=½ polarons; and a pair of TEs). Consequently, through specific spin-
mixing processes, the spin content of each sublevel Nss, its decay rate k, and thus PA, all 
become B-dependent. Figure 2.4 shows a typical PA spectrum and MPA (B) response of 
a film of Deuterated DOOPPV.  
 
2.4 Doping-induced Absorption (DIA) 
CW PA spectrum reveals the long-lived species in the film.  But, whether the 
particular PA band is due to polarons may be easily identified by DIA measurement. This 
is essentially absorption measurement where the sample is doped with the strong dopants 
to induce charges on the polymer chains. The difference in absorption before and after 
doping forms a band at the absorption peak of the induced charges.  
 
    
                 








Figure 2.4. Photo-induced absorption in a polymer. (a) PA and (b) MPA at 1.4 eV band 
of Deuterated-DOOPPV  film measured at low temperature. 
 
  



































The same instrument and method as in linear absorption are used for DIA measurement. 
We used two different kinds of dopants; these are iodine and HAuCl4. In the case of 
iodine doping, the film is exposed to iodine vapor for ~1min and absorption is measured 
before and after doping. We used iodine doping in P3HT and PTB7 films. In the case of 
HAuCl4 doping, HAuCl4 is first dissolved in acetonitrile at 0.01M concentration and 
stirred overnight to mix uniformly. The film is then dipped in the solution for ~1min and 
the absorption is measured. Both iodine and HAuCl4 serve as p-type dopant generating 
positive polarons in the film. The same spectrum as obtained when transmission with and 
without doping is measured is formed by photogenerated polarons in the PA setup. Figure 
2.5 shows the doping-induced absorption of a PDTP- DFBT polymer film where the two 
polaron bands P1 at 0.4 eV and P2 at 1.2 eV are observed. The absorption in the lower 
energy (<0.5 eV) is measured with a FTIR spectrometer and normalized to match with 


























Figure 2.5. Doping-induced absorption (DIA) of PDTP-DFBT polymer. Red line is 






Figure 2.6. PLQE experimental setup using an integrated sphere. 
2.5 Photoluminescence Quantum Efficiency (PLQE) 
Photoluminescence quantum efficiency (PLQE) is the ratio of the number of 
emitted photons to the number of absorbed photons. In contrast to the PL measurement, 
where we get the emission spectrum, we determine the emission efficiency through 
PLQE measurement. In this type of measurement, by using a special instrument called an 
‘integrated sphere’ (IS), we can collect all the emission from the sample and calculate 
PLQE. The IS contains three windows: one for the laser entrance, a second window for 
the sample, and a third window for the detector, as shown in Figure 2.6. A modulated 
laser travels through the first window into the IS and the light signal is monitored using 
the detector placed in the third window. Four categories of data are recorded by the lock 
in amplifier: (i) reflected laser intensity inside the IS when no sample is placed, IL; (ii) 
reflected laser intensity with the appropriate filter which is later used to collect the PL 
emission, IL,filter; (iii) PL intensity when a sample is placed inside in the path of the laser, 














path, IPL,corr. PL peak energy(EPL) and the optical density (OD) are measured prior to 
making the calculation. PLQE is calculated using the following formula, 
 
     
                             
            
  
   
  
   
  
   
 
      
 
(2.10) 
where R= substrate reflectivity; T = 10
-OD
 = transmittance of the sample; TF(PL) is the 
filter transmission coefficient at PL peak; DL,DPL,SL,SPL are the sensitivity of the detector 
and the sphere at the laser energy(EL) and the PL energy(EPL), respectively. (IPL,corr-
IL,filter) is introduced to eliminate contribution to the collect light emission by additional 
photons that excite the sample indirectly through the reflection from the IS wall. If the 
lifetime of the singlet exciton, τexc is known along with PLQE, then the radiative lifetime 
of the singlet exciton can be calculated by using the following relation, 
      
    
    
 
(2.11) 
and is usually of the order of one nanosecond. 
 
2.6 Electroabsorption (EA) 
In electroabsorption, an electric field is applied to the sample and the change in 
transmission is measured using the tungsten lamp for the visible region and the xenon 
lamp in the UV region. Additional energy states, which are not unraveled in the linear 
absorption measurement because of optical selection rules, can be observed in the EA 
measurement since the electric field, F, introduces a symmetry breaking that  relaxes the 
optical transition restrictions. The external electric field perturbs the wavefunction and 






       
   
   
        
    
  
  
    
    




     
    
        
    
    
  
    
    






where   
 
   is the zero-field wavefunction,  
 
  
 is the transition dipole moment and pj is 
the polarizability of the states resulting from the nonvanishing dipole matrix elements. In 
the case of π-conjugated polymers, the electric field-induced change in absorption (-
ΔT/T) is proportional to the nonlinear susceptibility χ(3) [44], and the EA spectrum is 
usually proportional to the derivative of the absorption spectrum with respect to the 
photon energy (dα/dE). 
The experiment consists of applying an electric field to an interdigitated gold 
electrodes as shown in Figure 2.7(a). A 0.5 nm titanium and 150 nm of gold is RF 
sputtered on top of a 1 inch diameter sapphire substrate, and lithographically patterned 
with a gap of 40µm. A very thin polymer film is prepared by drop-casting, and the 
sample is mounted inside a cryostat equipped with electrical connections. A schematic of 
the setup is shown in Figure 2.7(b), which is in fact a modified version of the PA setup. 
Here, the electric field is used instead of the laser to access the excited states. An electric 
field of order of ~10
5
V/cm is applied on the sample by using an AC field of 200-300V. 
The AC signal is generated using the signal generator at 500 Hz, and fed through the step 
up transformer whose output is connected to the sample electrode. AC modulation 
frequency is used as the reference to the lock in amplifier and detected at the second 
harmonic frequency since the conjugated polymer has mirror symmetry, and therefore the 
EA ~ V
2













where the fundamental frequency is very much suppressed. 
 
2.7 Optically-detected Magnetic Resonance (ODMR) 
2.7.1 Theory 
Electron spin resonance (ESR) uses microwave absorption to detect the spin 
character of the spin carriers on the sample. However, spin density in π-conjugated 
polymer is very low, so it is not the most effective technique. In ODMR, rather than 
observing the change in microwave absorption, in the order of ~meV, the change in the 
excited state transitions, in the order of ~eV, is monitored. Since most of the π-
conjugated polymer has spin 0 at ground state, it is advantageous to detect the long-lived 
photoexcitations, which have spin 1 (triplet exciton) or ½ (polaron). The interaction 
between the electronic magnetic moment,   , and the applied magnetic field,    , is given 
by, 
                 (2.14) 
where,   
     
 
  
              (2.15) 
Here, g is the lande g factor, γ is the gyromagnetic ratio, and β is the Bohr magneton. In 
the presence of the magnetic field, the spin energy levels split according to the spin 
projection values (ms). Microwaves induce spin flip by promoting the electron to higher 
energy level if the photon energy is equal to the Zeeman splitting, 
          (2.16) 
Typically, for ~3GHz microwaves and g factor of ~2, B =1000 gauss is in resonance with 





interaction, hyperfine interaction, spin-spin interaction, spin-orbit interaction, etc. need be 
taken into account if they are relevant to the system under consideration. Basically, 
microwaves redistribute the population of the spin excited state, balancing the antiparallel 
spin density to the parallel spin density if they are initially unequal. In π-conjugated 
polymers, radiative decay from the antiparallel e-h polarons occurs much more quickly 
than the decay from the parallel e-h spin configuration. The population of the parallel 
spin is lower if the system starts with geminate pair. However, the population of the 
excited states may be the other way around, namely triplets if the system starts from the 
triplet states (distant pair model). Here, we have to note that the ground state population 
is governed by the Boltzman distribution, whereas the excited states population mainly 
depends on the generation and the recombination rate for different spin sublevels, 
because it is not in thermal equilibrium. It is for this reason that ODMR is usually 
measured at a low temperature, where the equilibrium thermalization is suppressed due to 
longer spin-lattice relaxation time. 
 In the case of triplet exciton (spin=1), it is necessary to consider the spin-spin 
interaction, for which Hamiltonian is given by, 
             (2.17) 
where D is the zero field splitting (ZFS) tensor which is calculated from the magnetic 
dipole-dipole interaction of the spins, and    is the spin vector. For a pair of interacting 
spin particles separated by distance r, 
 






       
  
  




After expanding the above Eq. (2.18) into the components of the total spin angular 






   
              
              
              
  
(2.19) 
Diagonalizing D gives the only two independent parameters named as D and E since the 
trace of this matrix is zero. Under these conditions, Hss can be written as,  
 




            
    
   
(2.20) 
Here, S is the modified spin vector on the basis that diagonalizes D. In this system, the 
triplet levels, X, Y, and Z are related to D and E by, 
 
   
  
 
        




where X, Y, and Z are the spin 1 energy levels. The possible transitions in the triplet spin 
manifold are two, namely for Δms=1 (full field) and one transition for Δms=2 (half field) 
as shown in Figure 2.8(a). At magnetic resonance, the transitions form a triplet powder 
pattern, the average of all possible orientations of the principal axis of D tensor. 
Theoretical calculations [45] show the specific form of the resonance pattern predicting 
divergences, steps and the shoulders which can be used to calculate the values of D and 
E. We can, in principle predict the spin character of the excited state species just by 
looking at the presence (spin 1) or absence (spin ½) of the half field.  
There are two techniques of doing ODMR: (1) detection of changes in PL, 
PLDMR, and (2) detection of changes in photo-induced absorption, PADMR. If the 
system has very strong luminescence emission, then it is convenient to measure PLDMR.  
In PLDMR, excited state spin is flipped by the microwave photons, thus 
balancing the population distribution between parallel and antiparallel states, Np and NAP. 





































































Figure 2.8. Triplet detection in ODMR. (a) Triplet splitting under the influence of a 
magnetic field and the associated spin 1 transitions. (b) PLDMR of MEHPPV showing 
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where R is the recombination rate, R
0
 is the radiative recombination rate, and the tilde 
above N is the population density under microwave resonance conditions. A typical 
PLDMR transition of MEHPPV film is shown in Figure 2.8(b). 
In PADMR, the change in excited states density, δN, due to magnetic resonance is 
given by, 
                          (2.25) 
Under microwave resonance, the number of parallel and antiparallel spins is equal. This 
will give, 
   
 
 
      
 
      
      
 
(2.26) 
For the geminate recombination, the system starts with NP = 0 and NAP = N, and the Eq. 
(2.26) becomes, 
   
 
 
      
      
   
(2.27) 
For the distant pair recombination, all the spin ½ pairs are randomly distributed, so, 
assuming, GAP = GP, we get, 
   
 
   
      
      
 
 
   
 
(2.28) 



























Figure 2.9. ODMR experimental setup. 
2.7.2 Experimental Setup 
The experimental setup for ODMR is shown in Figure 2.9; it is another modified 
version of the PA setup. The sample is mounted on the 3GHz coaxial microwave cavity, 
inside the liquid Helium cooled cryostat, between the poles of the superconducting 
magnet. The microwave cavity size has an inner radius of 0.627cm, outer radius of 
2.2cm, and length of 9.9cm. The maximum power of the microwave is 100 mW, which 
produces electric field of 90V/cm and a magnetic field of 0.3G at the sample. The 
cryostat has an outer jacket for the vacuum to provide insulation, which is followed by 






sample chamber is controlled by the flow of Helium through the needle valve and the 
superconducting magnet is dipped into Helium in the Helium chamber. The 
superconducting magnet is driven by the dc supply by the keithley 236 voltage source, 
which is connected to AMI 400A programmer. The microwave is generated by the 
HP616B UHF high frequency generator, amplified, and then modulated by the pulse 
modulator, which is controlled by 200Hz square wave from a function generator. The 
sample is illuminated by the diode or CW Ar+ laser and probed by the tungsten lamp. 
 
2.8 Device Fabrication 
OPV and OLED devices are fabricated in the same way; the only difference is in 
the active layer of the organic semiconductor. The organic layer, usually a polymer or 
small molecule single layer for OLED and polymer/blend bulk heterojunction for the 
OPV, is sandwiched between two electrodes of the device. Indium Tin Oxide (ITO)- 
coated glass substrate with substrate resistivity 8-12 Ω/cm, purchased from Delta 
technologies, is used as the anode and the thermally evaporated Calcium and Aluminum 
is used as cathode. There are three main steps in fabricating the device; substrate 
cleaning, active layer deposition, and Cathode layer deposition. Before cleaning the ITO- 
coated glass, it is patterned in the 2mm or 1mm striped layer. Nail polish is used to cover 
the stripe and all other exposed portions are etched by immersing the substrate into 80% 
Hydrochloric acid and 20% water solution for 10-12 minutes. Then, the 75mmX25mm 
glass slab is diced to make 12.5mmX12.5mm pieces for each substrate. Substrates are 
ultrasonically cleaned with acetone, 2% micro-soap solution, de-ionized water and 





spin-coated on the substrate which serves as the hole transport layer because its HOMO 
level lies between the ITO work function and the HOMO of the most of the polymer. The 
substrates are then transferred to the glove-box (<1 ppm oxygen) for the active layer 
deposition. The polymer and its blend are spin-coated on top of the substrate at different 
spin speed to vary the thickness. Small molecules such as Alq3 cannot be spin-coated as 
they are hard to dissolve in the solvent. Therefore, they are thermally evaporated inside 
the vacuum deposition system at high vacuum of 10
-6
 Torr. Polymers and the blend 
solution are prepared at different concentrations and with different solvents. The 
particular choice of the solvent or the concentration is experimentally optimized. After 
the active layer deposition, 25nm Calcium and 80nm Aluminum is thermally evaporated 
where Al serves as the capping layer to protect Ca from oxidization. Occasionally, the 
device is encapsulated with the microscope cover glass using the optically adhesive UV 
curable glue if the measurement needs to be performed in the air. Typical UV exposure 
time is ~45 seconds. 
 
2.9 OPV Characterization 
The OPV device is characterized by the I-V curve, which gives the useful 
parameters Voc, Jsc, Fill Factor (FF), and PCE. For this purpose, the OPV device is 
illuminated by the simulated solar spectrum by using the xenon lamp and AM1.5 filter. 
The light intensity is calibrated to produce 100mW/cm
2 
(Pin), appropriate to the solar 
intensity on the earth at sea level, using a calibrated silicon solar cell. Solar spectrum and 
the schematic of the experimental setup are shown in Figure 2.10. Device I-V 





Figure 2.10. Organic photovoltaics. (a) Solar spectrum. (b) PCE measurement setup. 





































illumination. From the I-V, Jsc is calculated by dividing the zero-biased current with the 
device area, Voc is the voltage at zero current and FF is the ratio of Pmax, the maximum 
power obtained (shaded portion in Figure 2.11) to the maximum possible output power, 
i.e., 
 
   
    
      
 
(2.29) 
Then, PCE(η) can be calculated as, 
 
    
      




2.10 OLED Characterization 
In this thesis, OLEDs are characterized by the I-V dependence followed by MC 
and MEL. The device is mounted on the closed cycle He-cooled cryostat with proper 
electrical connection and the measurement is done both at room temperature and at low 
temperature, controlled by the temperature controller unit. Keithley 236 is used as the 
source to provide bias on the device, and a silicon photo-detector with the preamplifier, 
or the ocean optics spectrometer, is used to measure the electroluminescence. A typical I-
V and EL-V characteristics of an OLED is described in Chapter 1. Magnetic field is 
applied using an electromagnet up to ~2000 Gauss, and the current for MC and the EL 
for MEL are scanned by sweeping the magnetic field in plane to the device. MC is 
defined as, 
And MEL is defined as, 
 
    
         



































































































Figure 2.12. Typical MC (black) and MEL (blue) responses of an OLED. 
 
    
           




 Typical MC and MEL response in MEHPPV device at 10K is shown in Figure 
2.12. Full Width Half Maximum (FWHM) is believed to be dependent on the spin flip 
process caused by the hyperfine interaction or another intersystem crossing (ISC) 
mechanism in the polaron pair, excitons or exciton-polaron interaction. The hyperfine 
strength is typically <100G which is similar to observed FWHM in the MEL and MC 


















ORGANIC LIGHT EMITTING DIODES 
 
3.1 Isotope Effect in the Spin Response of Aluminum  
Tris(8-hydroxyquinoline)-based Devices 
3.1.1 Introduction 
Aluminum tris(8-hydroxyquinoline) (Alq3) [see molecular structure in Figure 
3.1(a) inset] is a common active molecular layer used in organic light emitting devices 
(OLED), due to its efficient electro-luminescence (EL) emission and high electron 
mobility [25, 46, 47]. It is thus not surprising that magnetic field effects (MFE) in Alq3-
based OLED devices such as magneto-electroluminescence (MEL) and magneto-
conductance (MC) have been extensively studied in the last few years [35, 39, 48-52].  
As a result, several basic models were originally proposed to explain the obtained 
magnetic-field effect response, MFE(B). Basically, all models agree that the underlying 
mechanism for the MFE is the magnetic field dependence of spin sublevel mixing; but 
there is no agreement as to the basic excitation where the spin mixing occurs. The 
competing models include: (i) spin mixing in oppositely charged polaron-pairs (PP) and 
in pairs of same-charge polarons (or bipolarons, BP) by the hyperfine interaction (HFI) 
[35, 37, 49, 53]; (ii) spin mixing within triplet-triplet annihilation (TTA) process [50]; 





Figure 3.1. Spin ½ CDMR of (a) H18-Alq3 (red line) and (b) D18-Alq3 (blue line) 
measured at ~3 GHz and 10 K; the FWHM are 3.94 and 3.46 mT, respectively. The 
black lines are fits using inhomogeneous broadened (Gaussian profile, FWHM=3.4 mT) 
hyperfine split resonance, with aHF=3 mT and 0.46 mT, respectively, for H-Alq3 and D-
Alq3. The molecules’ chemical structures are shown in the left insets. The right inset in 
(a) shows the molecules’ infra-red absorption spectra, where a red-shifted C-H 
stretching mode occurs upon deuteration, namely νCH=3050 cm
-1
 and νDH=2276 cm
-1
; 











































polarons [39]. Importantly, the HFI proposed models should differ substantially from the 
other models in the response to isotope exchange in the Alq3 molecule active layer, where 
all hydrogen atoms (nuclear spin IH=½, nuclear g-factor gH=5.586) are exchanged by 
deuterium atoms (ID=1, gD/gH=0.154). This should happen since the HFI constant, aHF, 
scales with the nuclear g-factor [54], whereas the other proposed interactions are isotope 
insensitive. Consequently, the isotope exchange effect on the MFE(B) response of Alq3-
based OLED  was recently studied and claimed to be minimal, since both MC(B) and 
MEL(B) responses appeared to be isotope insensitive [51]. It was thus concluded that the 
MFE in Alq3-based OLED is not dominated by PP or BP species since the HFI does not 
play an important role in determining the obtained MC(B) and MEL(B) responses. These 
measurements and conclusions are surprising, because similar MFE measurements in 
devices based on a common -conjugated polymer, namely poly(dioctyloxy) phenyl 
vinylene (DOO-PPV), have shown a substantial isotope effect [43, 55]. It is thus 
important to investigate in more detail the influence of the isotope exchange on the MFE 
and magneto-transport in Alq3-based devices in order to identify the underlying spin-
exchange mechanisms.  
In this work, we present a detailed study of the MFE response and magneto-
transport in protonated (H-) and deuterated (D-) Alq3-based OLED and spin-related 
devices. These studies include spin ½ conductivity-detected magnetic resonance (CDMR) 
in organic diodes, magneto-resistance (MRSV) in organic spin valves (OSV), and MC and 
MEL responses in OLED devices. We found that the spin ½ CDMR is isotope sensitive. 
It shows a narrower resonant line in D-Alq3 compared to H-Alq3 devices, and therefore, 





related effects based on polaron excitations should be isotope sensitive here. Indeed, we 
measured superior MRSV response in D-Alq3 OSV devices, which indicates larger spin 
diffusion length due to the reduced HFI of the deuterium isotope. Moreover, a clear 
sizable isotope-dependent MEL(B) response in OLED was also observed at low fields 
(B<~20 mT). This shows that HFI-induced spin mixing of polaron-pairs spin sublevels 
plays a crucial role also in determining the MEL response in Alq3-based OLED. However 
the MC(B) response at low fields was found to be less sensitive to the isotope exchange. 
In addition, at high fields both MEL(B) and MC(B) are isotope insensitive, and do not 
show the expected HFI-related saturation up to B~250 mT. These puzzling MFE 
characteristic properties can be understood taking into consideration that in addition to 
the HFI in PP (or BP) species, other spin-mixing mechanisms also participate in 
determining the MFE in Alq3 diodes. We propose here that an isotope-independent 
collision of spin ½ polarons with triplet-state species (e.g. PP, BP or TE) is the main spin-
mixing mechanism responsible for the low field MC(B) response. 
 
3.1.2 Experimental 
The active layers in our spin-related device studies are the two Alq3 isotopes: 
H18Alq3 and D18Alq3,  where all the hydrogen atoms in H-Alq3 are replaced by deuterium 
[56]. Figure 3.1(a) and (b) (left insets) show the Alq3 molecular structure and the H (D) 
atoms positions. We used both NMR spectroscopy and infrared (IR) absorption to verify 
that all hydrogen atoms were replaced by deuterium atoms in the D-Alq3 molecules. The 
IR absorption spectrum of the two Alq3 isotopes in the range of the C-H stretching 





(Figure 3.1(a), right inset). We measured νCH=3050 cm
-1
 and νDH=2276 cm
-1
; their ratio is 
within 2% of the square root C-D/C-H reduced mass ratio. In particular, the lack of an 
absorption band at 3050 cm
-1
 in the IR absorption spectrum of D-Alq3 indicates that there 
is no hydrogen atoms present in this molecule.   
The OLED devices were fabricated using glass substrates coated with 40 nm of 
indium-tin-oxide (ITO) that were purchased from Delta Technologies. The conducting 
polymer poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT) that was 
purchased from H C Starck was spin-coated onto the ITO used as the anode. The Alq3 
(sublimed, HW Sands Corp.) layer was then thermally evaporated onto the bottom 
electrode. Subsequently, a Ca cathode with an Al capping layer was deposited by thermal 
evaporation onto of the Alq3 thin film. The complete device structure configuration was 
ITO/PEDOT(30nm)/Alq3(70nm)/Ca(20nm)/Al(50nm) having an active area of ~2x2 mm
2
 
for all devices.  
The OLED devices for the CDMR measurements were placed in a S-band (~3 
GHz) microwave (MW) cavity in a cryostat at 10K equipped with MW throughput 
cables; the MW radiation was provided by a Gunn diode that delivered up to PMW ~0.1 W 
power. The cryostat was placed inside a liquid He cooled superconducting coil that 
provided magnetic fields up to 3 Tesla, applied perpendicular to the device substrate. 
PMW was modulated at frequency f~200 Hz and the changes I in the current I were 
monitored using a lock-in amplifier at f. The magnetic field, B, was swept while 
monitoring I. Resonance condition for spin ½ occurs when the MW photon energy is 
equal to the energy difference between the two Zeeman split spin sublevels at B~0.1 T for 





under identical conditions such as device structure, applied voltage, temperature, and 
microwave power.  
For the MEL and MC measurements in the OLED, the devices were transferred to 
an optical cryostat with variable temperature that was placed in between the two pole 
pieces of an electromagnet that produced B in the range ±0.3 T with up to 10
-5
 T 
resolution; in all measurements, B was determined by a calibrated magnetometer. The 
devices were driven at constant voltage, V, or constant current, I, using a Keithley 236 
apparatus, whereas the EL intensity was measured by a Si photo-detector, while sweeping 
B in both positive and negative directions.  
The OSV devices were fabricated using the half-metal La0.67Sr0.33MnO3 (LSMO) 
as the FM anode. The Alq3, Co and Al layers were successively thermally evaporated 
onto the LSMO electrode similar to the OLED fabrication described above. The OSV 
device structure was LSMO(200nm)/Alq3(40nm)/Co(6nm)/Al(50nm) with an active area 
typically of ~0.2x0.4 mm
2
. All thermal evaporations were done in a high vacuum 
environment (5x10
-7 
mbar). The thickness of the films was measured using thickness 
profilometry methods (KLA Tencor). The OSV magneto-resistance response MRSV was 
measured in a closed-cycle refrigerator at temperatures, T, in the range 10-300 K using 
the ‘four probe’ method in a constant current mode using a Keithley 236 apparatus, while 
varying the external in-plane magnetic field. The magnetization properties of the FM 
electrodes were measured by the magneto-optic Kerr effect (MOKE); from these 
measurements, we determined typical low temperature coercive fields of the unassembled 





3.1.3 Results and Analysis 
3.1.3.1 Conductivity-detected Magnetic Resonance 
The CDMR spectra of H- and D-Alq3 OLED devices (Figure 3.1(a) and 3.1(b), 
respectively) are negative under magnetic resonance conditions. CDMR in -conjugated 
systems measures changes in the polaron pair (PP) density [57]  under resonance 
conditions. Therefore, the CDMR spectra in Figure 3.1 show the effect of isotope 
exchange on the PP spin density. The resonance line of H-Alq3 appears to be 
inhomogeneously broadened: the full width at half maximum (FWHM) is ~3.94 mT for 
the H-Alq3 and 3.46 mT for the D-Alq3, substantially larger than the FWHM of <2 mT 
obtained in spin ½ CDMR of devices based on the DOO-PPV polymer [55]. Using the 
same model presented earlier in reference [55], we show fits (black solid lines in Figure 
3.1) to the measured CDMR line shapes of the H- and D-Alq3 devices, using an 
inhomogeneously broadened hyperfine split resonance line with aHF=3 and 0.46 mT, 
respectively. The smaller FWHM measured for the D-Alq3 device is a strong indication 
that the HFI indeed plays an important role in the PP spin dynamics in this molecule. 
 
3.1.3.2 Magneto-resistance in Organic Spin-Valves 
Further evidence for the HFI importance for spin ½ polarons in Alq3 is revealed in 
the magneto-resistance MRSV measurements in OSV devices based on D- and H-Alq3 
interlayer (Figure 3.2). It is seen that MRSV of D-Alq3 (Figure 3.2(b)) is three times larger 
than that of H-Alq3 (Figure 3.2(a)). The superior MR response of the D-Alq3 OSV is 
maintained at various voltages (Figure 3.2(c)), showing that the spin diffusion length, S, 




























































Figure 3.2. The spin valve magnetoresistance. MRSV(B) response of 40 nm thick OSV 
devices based on (a) H-Alq3 and (b) D-Alq3 for up (black) and down (colored) B-
sweeps, measured at V=12 mV and T=10 K. (c) Voltage dependence of |MRSV|max 





















OSV devices, λs increases with the spin relaxation time τs : (a) for carrier diffusion 
motion, s sD  , where  D is the carrier diffusion constant which is proportional to the 
carrier mobility, , via the Einstein relation; (b) for carrier drift motion in an electric field 
F, s sF   . Assuming that carrier mobility is not influenced by the isotope exchange, 
we conjecture that the larger S obtained in D- Alq3 OSV is due to longer spin ½ 
relaxation time, and this also points to the importance of the HFI in the spin ½ polaron 
transport in Alq3 devices.   
 
3.1.3.3 Magneto-electroluminescence in OLEDs 
3.1.3.3.1 The Low Field Regime 
The MEL(B) response of H- and D-Alq3 OLED are shown with various field 
resolution in Figure 3.3(a)-(c);  a clear isotope-dependent response can be seen. First, as 
seen in Figure 3.3(b) and the inset of Figure 3.3(a), the width, ΔB, of the MEL(B) 
response in H-Alq3 device is ~40% larger than that in D-Alq3. This observation is in 
contrast to an earlier study in which no isotope dependence was reported [51].  Second, 
as seen in Figure 3.3(c), the MEL(B) response shows another feature at low fields (B~<2 
mT): as |B| increases from B=0, MEL(B) is negative, reaches a minimum value at |B|=Bm, 
then increases crossing zero and monotonically increases thereafter. Clearly, Bm is 
isotope dependent: Bm=0.2 and 0.4 mT for D-Alq3 and H-Alq3, respectively. Similar 
features, dubbed ultra-small magnetic field effect (USMFE), were observed previously in 
DOOPPV-based OLEDs, where the isotope dependence has been shown to originate 
from the HFI in PP species [43, 55]. We therefore conclude that the HFI in PP species 





Figure 3.3. MFE response of OLEDs. (a)-(c) MEL(B) response of OLEDs based on H-
Alq3 (red line) and D-Alq3 (blue line) measured at room temperature and bias V=4V, 
plotted at three different B scales. The D-Alq3 response was normalized to that of H-Alq3 
at B~250 mT. Inset in (a): The full width, B at MEL=0.8% plotted vs. V for H-Alq3 
(red) and D-Alq3 (blue). (d)-(f) Same as in (a)-(c) but for the MC(B) responses measured 



























































































however, that the experimentally measured ratios Bm(H)/Bm(D)≈2 and ΔB(H)/ΔB(D)≈1.4 
for the Alq3 OLED are ~30-40% smaller than those measured in isotopes of DOO-PPV 
[55]. This observation indicates that in addition to the HFI, other interactions that are 
isotope insensitive have to be taken into account for explaining the detailed MEL 
response in Alq3. An in-depth discussion of the isotope effect in the low field MEL 
response is presented in section 3.1.4 below.  
 
 3.1.3.3.2 The High Field Regime 
At higher fields (|B|~50-250 mT), the MEL response does not level off but instead 
continues to increase, in contrast to what is expected for MFE response governed by the 
HFI [37, 55]. This characteristic behavior indicates that a different mechanism is 
dominant for the high field response of both MEL and MC. Alq3 is known to have 
phosphorescence emission from triplet excitons (TE) and delayed fluorescence (DF) 
caused by triplet-triplet-annihilation (TTA) [58]. Therefore, it is likely that TE are 
involved in the MFE response at intermediate high fields. In order to examine this 
hypothesis, we exposed the Alq3-based OLED devices to oxygen atmosphere, which is 
known to quench TE [59]. Figure 3.4 shows the MEL(B) response of oxygen-exposed 
OLED devices of both Alq3 isotopes. The MEL response is similar to that shown in 
Figure 3.3, but with much clearer difference between the responses of the two isotopes: 
the MEL width, as defined in Figure 3.4, of H-Alq3 OLED is now two times larger than 
that of D-Alq3 OLED. This shows that the intermediate high field MEL response seen in 
unexposed devices comes from TE, which is insensitive to isotope exchange. When this 
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Figure 3.4. MEL(B) response of OLEDs based on  H- and D-Alq3 saturate exposed to 
oxygen, measured at V=4V and room temperature. The full width ΔB measured at 
MEL=1% is 12.4 mT (6.6 mT) for the H-Alq3 (D-Alq3) device. The response of D-Alq3 










prevails, and consequently, the isotope-dependent response becomes clearer.  
 
3.1.3.4 Magneto-conductance in OLEDs 
Figures 3.3(d)-(f) show the MC(B) response measured on the same OLED devices 
in which the MEL(B) response was measured (shown in Figure 3.3(a)-(c)). Although the 
MC(B) responses seem to be similar to MEL(B), the isotope dependence is different. 
Figure 3.3(f) shows that at low fields, Bm(H)≈Bm(D)≈0.6 mT for the MC response, 
whereas the obtained ratio is Bm(H)/Bm(D)≈2 for the MEL response. Also when the D-
and H- MC responses are normalized (Figure 3.3(e)) at the maximum measured field of 
Bmax≈220 mT, the two responses appear to be much less isotope sensitive than the MEL 
responses (Figure 3.3(a)). This indicates that a mechanism other than the HFI dominates 






3.1.4.1 The Polaron-pair Mechanism: Isotope-  
sensitive MEL Response 
As argued in section 3.1.3, the low field MEL(B) response should be described by 
the PP mechanism, with the HFI as the main spin-mixing mechanisms. Since the 
measured MEL(B) shows significant isotope effect, the spin orbit coupling and/or the 
exchange interaction contributions are relatively small here. For completeness, we now 
present the PP mechanism model which is based on the time evolution of the PP spin 
sublevels in a magnetic field, and is closely related to the well-known "radical-pair" 
mechanism [60, 61]; versions of this model were described in more details previously 
[42, 55]. We note that the isotope dependence of the MEL(B) response can be also 
explained by the BP model [37]. 
The basic PP spin Hamiltonian, H0, includes the Zeeman, HFI and exchange 
terms: 
                     
   (3. 1) 
 
In Eq. (3.1), HFH is the HFI term, 
            
  
   
     
 
   
 
   
 (3. 2) 
 
where aij is the isotropic HFI describing the interaction between polaron spin Si (=½) and 
Ni  neighboring nuclei, each with spin Iij. For protons in organic molecules, the HFI 
constant is of the order of  a(H)~0.3 µeV (or a/gµB~3 mT) [54]. The electronic Zeeman 
interaction term is 





where gi (~2) is the respective g-factor of each of the polarons in the PP, and µB is the 
Bohr magneton. The exchange interaction is written as 
            
 
         (3. 4) 
 
where Bex measures the strength of the exchange interaction (we chose here for simplicity 
scalar HFI, g-factors, and exchange interaction). In the absence of the spin orbit 
interaction, the configuration space of H0 is of dimension:             
  
   
 
   . 
We did not include specifically the spin orbit interaction in Eq. (3.1), but it could in 
principle be calculated for the Alq3 molecule. 
When the MEL (and/or MC) originates from spin mixing within the PP species, 
then it is controlled by the relative PP singlet and triplet fractions, and their spin- 
dependent decay processes such as fusion into excitons or dissociation into free charges. 
These decay processes are not contained in the spin Hamiltonian, Eq. (3.1) as H0 is a 
Hermitian operator that conserves energy. A convenient way to include the spin- 
dependent decay kinetics is to add non-Hermitian decay (relaxation) term [61, 62] to H0: 
     
  
 
   
 
    
   (3. 5) 
 
where α designates the 4 singlet and triplet states: α=S, T0, T±1 , P
α
 and γα are the state 
projection operator and decay rate constant, respectively. The time evolution of the 
decaying density operator is now expressed in terms of the total Hamiltonian, H=H0+HR, 
                                   (3. 6) 
where †H is the Hermitian conjugate of H , and the t=0 density matrix σ
0
 is determined 
by the PP generation process. The time-dependent singlet or triplet fraction may now be 





           
       
 
 
    
    
                     
  
  
   (3. 7) 
 
where              are the (complex) eigenvalues of H,                
     , the double summation (n,m) is over all M states.  Eq. (3.7) expresses the fact 
that the singlet (or triplet) time evolution contains both a coherent character (through the 
cos(ωmnt) factor) and an exponential decay factor. The measured MFE (that is MC and 
MEL) may directly be calculated using Eq. (3.7). For the MEL response, the final 
expression depends on the radiative recombination of the SE and the detailed relaxation 
route from PP to form SE.  We denote the effective SE generation rate from the PP
α
 
configuration by kα,SE. Consequently, we define the “SE generation yield”,     
        where       is given by 
                     
 
 
    
    
    
        
   






   (3. 8) 
 
The contribution of the PP mechanism to the MEL(B) response is then given by, 
          
             
      
 
   (3. 9) 
 
In Figures 3.5(a) and 3.5(b), we show the simulated MELPP response, using Eq. 
(3.9) for two HFI cases that correspond, respectively, to H- and D-Alq3: (i) I=½ and 
aHF/gµB=2.5 mT, and (ii) I=1 and aHF/gµB=0.4 mT. In both cases, the exchange and SOC 
strengths were chosen to be approximately 0.2 mT. Comparing the simulation to the 
MEL data presented in Figure 3.3(b) and 3.3(c), we conclude that the isotope-dependent 















































Figure 3.5. Model simulation for the low field MEL and MC responses of Alq3. (a) PP 
mechanism for MEL(B) of H- and D-Alq3: red line, a/gµB=2.5 mT, I=½ (H); blue line, 
a/gµB=0.4 mT, I=1 (D). A finite exchange interaction of strength Bex =0.02 mT was used 
for both responses. (b) Polaron/PP triplet scattering model for the isotope-independent 























3.1.4.2 Collision of Spin ½ Polaron with Triplet-state Polaron-pair:  
Low Field MC Response 
Unlike the MEL response discussed in the preceding section, the experimentally 
measured MC(B) response does not show much isotope effect due to HFI, indicating the 
dominance of a different spin-mixing mechanism. In this section, we introduce a novel, 
isotope-insensitive mechanism that affects the MC response but does not affect the MEL 
response.  
The many PP that are produced from the injected free carriers do not have a fixed 
interpolaron distance, dP, but rather form a distribution of dP’s. As the PP fuse to form 
excitons, dP gradually decreases while the singlet and triplet states PP, namely PPS and 
PPT, separate in energy until the appropriate values for the SE and TE in the material are 
reached. In the intermediate state, where spin mixing between PPS and PPT has already 
been diminished due to their large energy separation, PPT still evolves with B because of 
its non-zero spin. PP may interact with spin ½ carriers via magnetic spin-spin interaction. 
Such an interaction may be described by a collision process by which a spin ½ carrier 
(“polaron”) is temporarily paired with a close PPT neighbor which causes magnetic field- 
dependent carrier density that generates a finite MC(B) response. This mechanism does 
not contribute to MEL, and is insensitive to isotope exchange. The contribution to MC(B) 
comes from the direct PPT dissociation, thus leading to isotope-independent MC 
response. Similar triplet-doublet interaction has been considered before in connection 
with TE quenching by free radicals [63]  and for mobilization of trapped charge carriers 
in molecular crystals [64]. 





PP collision event as a process by which the S1=1 PPT and S2=½ charge carrier are 
temporarily paired together (forming a PPT-P pair), evolve with time in a magnetic field, 
and then dissociate to free carrier and PPT, respectively. The PPT-P species may be either 
in a quartet (S=S1+S2=3/2) or doublet (S=S1-S2=½) spin states. The PPT-P species spin 
Hamiltonian in a magnetic field may be written as, 
            
 
             (3. 10) 
 
where HZ is the Zeeman energy term given by Eq. (3.3) with g1 (g2) as the PPT (free 
carrier) g-factor, JP is the PPT-P spin-spin interaction constant, and HPPT is the PPT triplet 
term given by 
       
 
          (3. 11) 
 
where S1=1 is the PPT spin and   is the triplet [65] symmetric traceless tensor of rank 2. 




        
     
  , where DP 
and EP are referred to as the PPT zero field splitting (ZFS) parameters. The decay of the 
quartet and doublet states (with decay constants Qr and Db, respectively) is represented 
by the non-Hermitian relaxation term [61, 62] HR in Eq. (3.10) similar to Eq. (3.5). 
Following the procedure outlined in section 3.1.4.1 above, we may now calculate the 
magnetic field-dependent density of free polarons dissociated from the PPT-P pairs. 
Denoting the dissociation rate from the (PPT-P)
α
 (α=quartet, doublet) configuration by dα, 
the free polaron yield and its contribution to MC are given by Eqs. (3.8)-(3.9), with dα in 
place of kα,SE. The decay and dissociation constants (γα and dα) determine mainly the 
magnitude of the MFE, whereas the triplet parameters DP and EP determine the overall 





show a simulated MC(B) response for DP/gµB=50 mT and EP/gµB=0.45 mT. The 
simulated response is isotope insensitive, and features the sign change and minimum 
observed at B<1 mT as in the experiment (Figure 3.3(f)). It is important to note that in 
addition to this proposed mechanism, other triplet-based mechanisms (e.g. polaron 




Using the spin ½ CDMR and MR in OSV devices based on H- and D- Alq3, we 
showed that the HFI is indeed a significant spin relaxation mechanism for spin ½ 
polarons in Alq3. Moreover, the HFI provides an important spin-mixing mechanism for 
polaron-pairs in Alq3 that may explain the MEL(B) response. The reduced HFI in D-
Alq3 with respect to H-Alq3 is clearly observed in a variety of spin ½-related 
experiments. We obtained: (a) narrower spin ½ CDMR resonance line in D-Alq3; (b) 
longer spin diffusion length in OSV based on D-Alq3; (c) narrower MEL(B) response 
and smaller Bm in OLEDs based on D-Alq3. In contrast, the MC(B) response is much 
less sensitive to isotope exchange and thus the HFI-based spin-mixing mechanism here 
is overwhelmed by another, isotope-insensitive spin-mixing mechanism. To explain the 
low field behavior of MC in Alq3, we offer an isotope-independent interaction between 








3.2 Energy Transfer in a ‘Host-Guest’ System Comprised  
of MEHPPV and Pt(tpbp); Electroluminescence  
Quenching in OLEDs 
3.2.1 Introduction 
Organic light emitting diodes (OLEDs) have attracted much attention in recent 
years both for commercial applications, and for better understanding the physics of 
organic films [25, 66-70]. Light is emitted in organic materials when bound electron hole 
pairs or excitons decay by emitting photons [71]. Singlet excitons with zero spin can 
radiatively recombine, whereas triplet excitons do not undergo radiative recombination 
due to spin selection rules in the presence of very weak spin-orbit coupling (SOC) in the 
organics. Since the charge recombination statistics generates 1:3 singlet to triplet excitons 
ratio [72] in OLEDs, harvesting the triplet excitons in such devices is crucial for better 
performance of these devices. One way of achieving triplet exciton emission, i.e. 
phosphorescence, is by incorporating a heavy molecule [73] which has large SOC, along 
with the luminescent polymer in the device. Emission from the triplet is necessary not 
only to enhance the luminance but also to produce the necessary broad white light 
emission (WOLED devices). Several methods to generate such a broad spectrum and 
harvest light from the triplet exciton exist. Some of these techniques include using a blue 
emitters OLED [74, 75],  materials having dimer or excimer emission [76],  blended [66] 
single layer or multilayer devices [77], or using high efficiency diodes with delayed 
phosphorescence [29]. Solution processed materials are increasingly considered as a 






In this work, we studied the photo-physics and electrical characteristics of a 
solution processed, blend film of poly-[2-methoxy, 5-(2’-ethyl-hexyloxy)phenylene 
vinylene] (MEH-PPV) and PtII–tetraphenyltetrabenzoporphyrin (Pt(tpbp))(molecular 
structures in Figure 3.6 insets) and their OLED to see both the singlet and triplet emission 
bands. MEHPPV is a widely used luminescent polymer [78] which has emission at ~ 2 
eV and the Pt(tpbp) is a phosphorescent molecule [79, 80] that has an emission band at 
~1.7 eV. In electro-phosphorescent OLEDs, electrons and holes are initially injected into 
the organic host transport material, and then the excitation is transferred to the 
phosphorescent emitter via the Forster/Dexter energy transfer mechanism [81, 82]. We 
expect to have high energy transfer in this host-guest system due to the spectral overlap 
of the emission band of the host with the absorption band of the guest. To compare the 
population of singlet in the host and triplet in the guest, we have monitored the emission 
and PA spectra of the blend, and their magneto-PA(MPA) response. We identified the 
pathway for populating the host triplet state, as well as the possible cause of the lower 
external quantum efficiency (EQE). 
MEHPPV has PL and EL yellow emission band which overlaps with the 
absorption spectrum of Pt(tpbp). A small percentage of the Pt(tpbp) is sufficient to induce 
transfer of  excitons from the host to the guest in the blend. Once we excite the blend 
film, the photogenerated singlet excitons may radiatively decay to the ground state or 
transfer to the singlet of the guest which, after converting to the triplet state, either 
radiatively decay to the ground state or transfer to the host triplet. The emission 
efficiency could be enhanced if all the triplets radiatively decay, but due to the triplet 





Figure 3.6. Absorption(black) and emission(blue) spectra of (a) pristine MEHPPV film 
(b) Pt(tpbp) film prepared in 2% polystyrene(PS) matrix. The insets in (a) and (b) show 
the molecular structure of  MEHPPV and Pt(tpbp), respectively. 


























































Pt(tpbp), ~1.62eV [85], we will show that another route for the transfer of the guest 
triplets to the host triplets dominates. PA measurement of the film is a reliable method to 
measure the density of triplet excitons in the host.  
Magnetic field effect (MFE) measurements in OLEDs is widely studied and 
explained by several models [36, 55, 86, 87] while MFE on film is less studied [88]. 
Mobility-dependent MFE explanation [37, 39] for the OLEDs does not contribute to the 
MFE in films where charge carriers do not produce any current. A magnetic field may 
induce the triplet sublevels mixing [88] at low triplet concentration and Triplet-Triplet 
Annihilation (TTA) mechanism prevails at high triplet density. Therefore, the indication 
of the TTA component on MPA is the confirmation of high triplet density. 
 
3.2.2 Experimental 
For the optical studies, samples were prepared in Toluene at the concentration of 
10 mg/ml. MEHPPV or the MEHPPV blended with different percentage of Pt(tpbp) were 
stirred overnight and drop-casted on the sapphire substrate. Subsequently, the films were 
placed in a cryostat and cooled down to 50K by a closed cycle refrigerator. We used a cw 
Ar
+
 laser at 488 nm and a 405nm diode laser as the excitation pump and a tungsten lamp 
as the probe. Change in the transmission with and without the probe was recorded by a 
phase-sensitive technique via a lock in amplifier of which reference was a light 
modulation by the mechanical chopper at 310 Hz. PL emission was measured by 
illuminating the sample with the laser, and PA was obtained by the relation -ΔT/T, where 
ΔT is the change in transmission with pump on and off. For the MPA measurement, the 





film using the electromagnet which could produce a field up to 1800 Gauss.  
For the OLED device, the same solution used for the optical studies was used to 
spin-coat a neat film on a cleaned ITO substrate. The device structure for the OLED is 
comprised of a thin ITO layer, 40 nm of PEDOT:PSS  poly(3,4-ethylenedioxythiophene) 
and poly(styrenesulfonate) layer, an active layer of MEHPPV polymer or its blend with 
Pt(tpbp), and capped with Calcium and Aluminum  electrodes. The device dimension was 
2mm×2mm. 
 
3.2.3 Results and Discussion 
Figure 3.6(a) shows the optical absorption (optical density (OD)) and 
photoluminescence (PL) spectra of the MEHPPV polymer and Pt(tpbp) molecule. UV-
VIS of the material was measured with a Cary 17 spectrophotometer at room temperature 
on the spin-coated sample. PL measurements were performed on the drop casted film at 
low temperature (50K) in the cryostat. Samples were prepared from a 10mg/ml solution 
of MEHPPV and 2% Pt(tpbp) in Polystyrene(PS) using toluene as the solvent in a 
nitrogen atmosphere in a glove box. In Figure 3.6(a) the OD of MEHPPV has a broad 
peak at ~2.54eV and PL spectrum has the 0-0 peak at ~2.03eV and several  phonon 
replicas. Figure 3.6(b) shows the OD and PL of Pt(tpbp) where the OD peak at ~2.01eV 
overlaps with the PL band of MEHPPV. Therefore, there is the possibility of both Forster 
and Dexter energy transfer from MEHPPV host polymer to the Pt(tpbp) guest molecule 
because of the overlap of the emission band of MEHPPV with the absorption band of 
Pt(tpbp). 





Pt(tpbp). Figure 3.7(a) shows the EL spectra of the pristine MEHPPV(black), 3% (red), 
5%(blue) and 7%(magenta) Pt(tpbp) as a guest in MEHPPV. As the additives 
concentration increases, the phosphorescence band is more pronounced and thus the EL 
spectrum contains emission from both guest and host. The EL onset for the blend is at 
smaller voltage than the pristine OLED, showing the more efficient current injection in 
the blend probably caused by the higher carrier mobility in the blend. However, the 
electro-luminescence quantum efficiency (ELQE) steeply decreases in the blend, and 
higher current density is required to obtain EL emission from the device. Figure 3.7(b) 
shows the ELQE of the OLED for the pristine MEHPPV (black), 5% Pt(tpbp)(red) and 
7% Pt(tpbp)(blue); it is clearly seen that the ELQE decreases with increasing Pt(tpbp) 
weight percentage, while the pristine MEHPPV device has the highest ELQE  compared 
to the host-guest blend devices. 
We studied the photo-physics of films of the same materials that were used for the 
OLEDs fabrication. Figure 3.8(a) shows the PL spectra of MEHPPV blended with 
Pt(tpbp) at different percentages: 1%(black), 5%(red), 7%(blue), and 10%(magenta). 
Since MEHPPV has stronger absorption at the pump photon energy, mostly the 
MEHPPV polymer is excited while very little excitation of Pt(tpbp) occurs due to its low 
OD at the pump photon energy and its low concentration in the blend. However, due to 
energy transfer from MEHPPV to Pt(tpbp), both luminescence and phosphorescence can 
be seen in the blend emission spectra. At lower concentration of the guest, host emission 
dominates the PL emission spectrum. Increase in the concentration of the guest molecules 
increases the phosphorescence (Ph) intensity as is clearly seen for the 5% or 7% Pt(tpbp) 





Figure 3.7. Electroluminescence of OLED. (a) EL spectra of pristine MEHPPV(black), 
3%(red), 5%(blue) and 10%(magenta) Pt(tpbp) in MEHPP;(b) Electroluminescence 
quantum efficiency(ELQE) of OLEDs comprised of pristine MEHPPV(black), 5% 
Pt(tpbp)(red) and 7% Pt(tpbp)(blue). 
























































Figure 3.8. PL emission and PA spectra in films of various MEHPPV/ Pt(tpbp) blends. 
(a) PL spectra of 1%(black), 5%( red), 7%(blue) and 10%(magenta) Pt(tpbp) films; (b) 
PL intensity at 2.1 eV(black) vs Pt(tpbp) percentage; ratio of Ph intensity to PL 
intensity(blue)(c) PA spectra of pristine MEHPPV(blue) and 5% Pt(tpbp)(black) film;(d) 
PA intensity at 1.42 eV vs Pt(tpbp) percentage. 

















































































































































and Ph emissions. The overall emission is substantially reduced compared to pristine 
MEHPPPV emission intensity as shown in Figure 3.8(b)(black). The blue line in Figure 
3.8(b) shows the ratio of Ph intensity to the PL intensity that increases with the guest 
percentage. However, at concentration over 7%, the Ph intensity reduces due to 
quenching of the emission influenced by the guest molecule aggregates at high 
concentration. Reduction in the overall emission intensity reveals that emissive singlet 
excitons are transferred to nonemissive triplet excitons. The PA spectrum is measured to 
see whether there is triplet density enhancement of MEHPPV induced by the molecule 
additives. Figure 3.8(c) shows that the 5% Pt(tpbp)(black) film has stronger PA signal 
than the pristine MEHPPV(blue) film. Here, PA= –ΔT/T = nσd, where, n= number 
density of the triplet species, σ is their opticalcross-section and d is the film thickness. 
Assuming σ and d are almost the same, n for 5% Pt(tpbp) is much higher than in the 
pristine film. Therefore, the Pt(tpbp) additives lead to the formation of large number of 
triplet excitons in the host, probably via polymer singlet- guest singlet- guest triplet-
polymer triplet pathway (a ‘ping-pong’ like reaction sequence). Figure 3.8(d) shows the 
intensity of the PA signal at 1.42 eV as the function of Pt(tpbp) percentage. At an 
additive weight % >7%, quenching of the triplet excitons in the guest molecules also 
reduces the triplet exciton density in the host. 
The scheme for the singlet and triplet energy transfer in the host/guest system of 
MEHPPV and Pt(tpbp) is shown in Figure 3.9. The pump excitation generates singlet 
excitons in the host (MEHPPV polymer) followed by the emission band at ~2.0 eV SH of 
the host. The singlet excitons may, however, transfer either to the triplet excitons, TH, in 





Figure 3.9. Schematic of the relevant energy levels in the MEHPPV/(Pt(tpbp) host/guest 



























and Dexter energy transfers. Singlet excitons in Pt(tpbp) immediately convert to the 
triplet state, TG, due to the strong SOC in this molecule, that consequently  radiatively 
decay to the ground state yielding  phosphorescence emission. Since the triplet energy 
level of Pt(tpbp) is higher than the triplet in MEHPPV, the triplet excitons in the guest 
molecule decay to the triplet exciton in the host polymer. Therefore, the triplets in 
MEHPPV act as energy sink because they decay nonradiatively to the ground state. 
Hence, most of the excitons in the guest transfer to the triplet excitons in the MEHPPV, 
thereby reducing the emission efficiency of the host/guest system. 
To check this scenario, we measure the magnetic field effect (MFE) of the triplet 
excitons in the blend system. Upon photon absorption, singlet excitons are generated in 
the picoseconds time domain and subsequently undergo intersystem crossing to the triplet 
manifold in the nanosecond time domain. Subsequently, the triplet excitons population 
changes upon applying an external magnetic field, because the magnetic field removes 
the degeneracy of the triplet excitons by splitting into triplet sublevels via the Zeeman 
interaction. Figure 3.10(a) shows the MPA response of pristine MEHPPV film at low 
laser power of 10mW where Triplet-Triplet annihilation (TTA) is absent. This is in 
agreement with our previous work [88]. Upon increasing the laser power (Figure 
3.10(b)), we get two components MPA response, which is typical for  TTA [88]. Figure 
3.10(c) and 3.10(d) shows the MPA response for the 5% Pt(tpbp) film at low (10mW) 
and high (75 mW) laser power , respectively.  The MPA response for the blend is similar 
to that in the pristine MEHPPV, but the TTA occurs at substantively lower laser power. 














































































Figure 3.10. MPA(B) response at different laser power; pristine MEHPPV film at (a) 10 







In summary, we studied the optical, electrical, and magnetic properties of the 
blend system where MEHPPV acts as the host polymer and Pt(tpbp) acts as the guest 
molecule. Our study shows that the host triplet exciton density in the blend is 
significantly enhanced and the emission intensity is highly reduced for both EL emission 
in OLEDs and PL emission in films. The underlying mechanism of this curious behavior 
is the triplet level of MEHPPV. It is lower than the emissive triplet level of the Pt(tpbp). 
Therefore, the triplet excitons in the guest find another energy transfer pathway to the 
triplet excitons in the host, making it unavailable for emission in the guest. This ‘ping-
pong’ type reaction sequence is unique to this host/guest blend. Furthermore, the MPA 
and MPL responses in the blend show that the TTA MFE response occurs at lower laser 
power in the blend verifying the presence of large number of triplet excitons in the blend 
system.   
 
3.3 Magnetic Field Effect in Electroluminescence;  
Color Manipulation 
3.3.1 Introduction 
It is known that the current density control in the OLED induces changes in the 
emission color. This happens in the host-guest OLED system where the guest triplet 
emission is saturated at high current, whereas the host emission continues to increase 
with increasing current density [28]. Therefore, the emission color is blue shifted due to 
the enhanced host emission. Here we report the magnetic field-induced color control in 





Organic magneto resistance (MR), or equivalently, magneto conductance (MC) is 
defined as MC = (I(B)-I(0))/I(0) where I(B) is the current on applying magnetic field B 
and  I(0) is the current through the OLED device at B=0. The reason for MC is believed 
to be induced change in the spin correlations between the charge carriers upon the 
application of an external magnetic field. These correlations are affected by the randomly 
oriented hyperfine fields produced by the hydrogen nuclei [53]. Magnetic field effect 
(MFE) in OLEDs is widely studied and explained by several models, e.g., bipolaron [37, 
89], polaron pair [90], excitons charge interaction [39], triplet-triplet annihilation (TTA) 
[91], g [38] etc. These models mainly focus on the magnetic field effect on the charge 
carrier densities or on charge transport. Mobility-dependent MFE explanation [37, 39] in 
OLEDs does not apply for MFE in general since it is observed also in the optical studies 
of the film [88], such as MPA and MPL (see the section above). Here we study  MEL in 
the different regions of the EL spectrum in the host/guest type OLED where we observed 
modulation of the EL color that can be explained by the polaron pair model, where 
magnetic field changes the singlet-triplet polaron pair densities. 
 
3.3.2 Experimental 
We used two different host/guest blends; one is the Poly(9,9-
dioctylfluorene)(PFO) as the host and Iridium(III)bis(2-(2’-
benzothienyl)pyridinatoN,C
3’
(acetylacetonate)(Ir(btp)2acac) as the guest; and the other is 
MEHPPV as host and Pt(tpbp) as guest (similar to that of the section 3.2 above). The 
luminescent organic active layers were prepared in Toluene at the concentration of 10 





at 2% concentration. Solutions were stirred overnight to allow homogeneous mixing. For 
the PL studies, we prepared drop-casted films on sapphire substrates that were placed in a 
low temperature cryostat and cooled down to 50K by a closed cycle refrigerator. We 
chose a cw Ar
+
 laser at 488 nm and a 405 nm diode laser as the excitation sources, 
depending on the absorption spectra of the investigated materials. 
For the OLED devices, a thin film was prepared by spin-coating at the rate of 600 
rpm to 5000 rpm on a cleaned ITO substrate. The device structure for the OLED is 
comprised of thin ITO layer, 40 nm of PEDOT:PSS  poly(3,4-ethylenedioxythiophene) 
and poly(styrenesulfonate) layer, the active layer of the host polymer or the host- guest 
blend, capped with Calcium and Aluminum for the top electrode. The anode ITO 
substrate was cleaned by ultrasonic treatment with Acetone, 2% micro-90 soap, de-
ionized water, methanol, and propanol each for 10 minutes. PEDOT:PSS was spin- 
coated onto the ITO substrate and the substrates were transferred to a glove box. The 
anode substrate was baked for half an hour at 100°C to remove water content and the 
active layer of pristine polymer or the blend was spin-coated. Device fabrication process 
was finalized with the deposition of Ca and Al layer using thermal evaporation technique. 
The OLED device dimension was 1mm×1mm. 
 
3.3.3 Results and Discussions 
Figure 3.11(a) shows the absorption (in terms of optical density (OD)) and PL 
spectra on the pristine PFO film. PFO has absorption onset in the UV and strong blue 
emission; the absorption peaks at ~3.2eV and the emission peaks at ~2.8eV with several 





Figure 3.11. Emission (blue) and absorption (black) spectra of (a) PFO (b) Ir(btp)2acac 
film. The insets show the molecular structure of (a) PFO (b) Ir(btp)2acac. 




























































isolated Ir(btp)2acaac in polystyrene film. It has an absorption peak at ~ 2.5eV and red 
emission that peaks at ~2.01eV with phonon replica at 1.86eV and 1.68eV, respectively.  
We note that the PL emission of the PFO peaks at 2.5eV that perfectly matches the 
absorption band of Ir(btp)2acac . We chose these materials for the efficient energy 
transfer from host to guest since the overlap of host emission with guest absorption is 
prominent. Figure 3.11 insets show the molecular structure of these materials. PFO 
emission is red-shifted depending on the beta (ordered) or alpha (glassy) phases, which 
depends on the film preparation process and morphology [92, 93]. 
We prepared different solutions of varying Ir(btp)2acac weight percentage in the 
PFO solution, and measured PL emission of these blends. Figure 3.12(a) shows the PL 
emission from 5% Ir(btp)2acac mixed in the PFO; we can clearly see the emission from 
the both PFO and the Ir(btp)2acac. This particular blend has strong luminescence 
emission both at room temperature and low temperature (Figure 3.12(a), black and blue 
lines, respectively). Though the concentration of the guest is not sufficiently high to 
effectively absorb the photons directly from the laser excitation, the emission peak of the 
guest is pronounced because of the efficient energy transfer from host to guest. At 
smaller percentage of the guest, host emission is stronger as compared to the guest 
emission and the guest emission intensity is increased with increasing the guest 
concentration. However, above 5% guest, the overall emission is quenched due to 
bimolecular recombination in the guest materials. We compared the phosphorescence of 
the guest to the host PL emission intensity ratio vs. the guest percentage as shown in 
Figure 3.12(b). Relative emission intensity of the guest is maximum at 5% concentration 
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Figure 3.12. PL emission in the film. (a) PL spectra of the 5% Ir(btp)2acac in PFO at two 
different temperatures. (b) Phosphorescence to PL intensity ratio in the host-guest blends 







From the absorption and emission spectra, it is clear that there is sufficient energy 
transfer from the host to the guest, and optimization of the guest percentage enables us to 
see a broad spectral emission. Fabricating an OLED from such a blend gives white light 
emission, which is of great interest for practical applications. In this work, we fabricated 
OLEDs with different guest concentration to reach white light emission condition. Since 
we apply the external electric field to inject carriers and also drive them inside the active 
layer, it is easy for the carriers to find the guest, and thus most of the EL emission occurs 
from the guest because it has lower first excited state energy level. Therefore, unlike the 
PL measurements, for EL in OLED, we had to decrease the guest percentage to be able to 
also see the host emission band. In Figure 3.13, we show the EL emission spectrum of the 
OLED device at different guest percentage. At guest weight percentage greater than 1%, 
we see the Ir(btp)2acac peaks only. At 0.1%, there are weak bands arising from the PFO 
and these become clearer at 0.05 % (Figure 3.13(d)). The fact that a tiny amount of 
Ir(btp)2acac is sufficient to see its emission shows that this host-guest combination has 
very efficient energy transfer. 
After achieving white light OLED (WOLED) spectra, we tried to manipulate the 
emission color. There are two ways of changing the color in a device: the first is 
changing the device current density, and the second is applying an external magnetic 
field. Figure 3.14(a) and (b) show the EL spectra of the 0.05% Ir(btp)2acac in PFO 
OLED at various current at temperatures 10K and 100K, respectively. As the current 
increases, the guest emission saturates but the host emission continues to increase which 
forms blue shift in the device EL emission color. We see a relatively weak PFO emission 





Figure 3.13. EL spectra at (a) 5% (b) 1% (c) 0.1% (d) 0.05% Ir-complex in PFO. The  
emission band at 2 eV is from the guest molecule, whereas the PFO emission is in the 
UV. The emission band at 2.6 eV is from an excimer that forms in the host polymer. 
































































































Figure 3.14. EL spectra of 0.05 % of the Ir complex in PFO at different currents at 
temperatures (a)10K and (b)100K. 





































































clearly seen at 100K (Figure 3.14(b)) that there is almost no emission peak from the host 
at a current of less than 50 µA, whereas it is significantly pronounced at higher current of 
187 µA. 
Next, we studied the magnetic field effect in the host-guest device where the guest 
concentration is 0.02% which enables us to see all the color from PFO, Ir-complex, and 
the green band (‘X’) centered at ~2.5eV (Figure 3.15(a)). The origin of ‘X’ band is still 
debated in the literature; this EL emission may be due to excimers [94, 95], aggregates 
[96], or intrachain defects [97, 98]. In any case, it belongs to the PFO host, since it also 
occurs in pristine PFO-based OLEDs (Figure 3.16(a)). We studied the magnetic field 
effect at each emission band, as the magnetic field changes the intensity at different peaks 
by different amounts. The PFO emission band is increased by 2.38% (Figure 3.15(b)), 
whereas the Ir- band is increased by only 1.58% (Figure 3.15(c)). At the same time, we 
noticed that the ‘X’ band has MEL of intermediate value, 2.03% (Figure3.15 (d)). MC(B) 
of the device also has similar response to that of MEL(B), and its magnitude is 1.90% 
(Figure 3.15(e)). We therefore conclude that the magnetic field changes the emission 
intensity by different amount at different regions of the emission spectrum, and this 
enables emission color control. 
To check whether this phenomenon also occurs in OLED based on pristine PFO 
we measured the MEL in such a device. Figure 3.16(a) shows the EL spectrum of the 
pristine PFO OLED where PFO emission appears at ~2.8eV and the green broad X-band 
appears at ~2.5eV. MELmax at ~2.8eV, ~2eV, and ~2.5eV are 1.57%, 1.51%, and 1.59%, 
respectively (Figure 3.16(b), (c) and (d)). Here, MELmax is approximately the same at 
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Figure 3.15. Electroluminescence in 0.02% Ir(btp)2acac in PFO device. (a) EL spectrum. 
MEL(B) response at (b) PFO band; (c) Ir-complex band; (d) ‘X’ band, and (e) MC(B) 





Figure 3.16. Electroluminescence in pristine PFO device. (a) EL spectrum. MEL(B) 
response at (b) PFO (c) Ir-complex and (c) ‘X’ band positions; (d) MC(B) response. 
 











































































































































which were different in the blend device. We therefore conclude that unlike the blend 
device, magnetic field does not change the color in the single polymer device. Also, the 
MC of the device is reported in Figure 3.16(e), and is very close to the percentage change 
of the EL. 
Based on the above MEL and MC response on the blend and the pristine device, 
we propose the mechanism of magnetic field effect in OLEDs, which is schematically 
shown in Figure 3.17. In the device, the blue emission is due to EL of singlet excitons in 
the PFO host, a broad green emission band ’X’ is also from the host, and the red band is 
due to the Ir- complex triplets. At the low guest concentration, triplets of the Ir-complex 
molecules are populated via Forster and Dexter energy transfer from host excitons SH and 
TH to guest excitons SG and TG(S and T stand for singlet and triplet, respectively), 
whereas the ‘X’ state is populated directly from the polaron pairs (PP) of the host either 
in singlet (PPS) or triplet(PPT) spin configuration. Singlet excitons in the guest, SG, are 
converted to triplet excitons in the guest, TG, via intersystem crossing with a rate KISC(G). 
Since the MELmax for different regions in the pristine device is approximately the same 
and they are different in the blend device, we infer that MEL has two contributions; the 
first contribution is from the current change via MC(B), whereas the second contribution 
is  from the B-dependent interplay between PPS and PPT states in the host. We note that 
MC is caused by different recombination and dissociation rates(χS, χT, dS and dT) for 
singlet and triplet polaron pairs. Singlet emission intensifies at the expense of the triplet 
polaron pair conversion to singlet through MFE, whereas the green emission is not 
influenced the same way because it contains contributions from both singlet and triplet 





Figure 3.17. Schematic representation of the energy levels and energy transfer pathways 








formation that originates from the Dexter energy transfer process. Hence the magnetic 
field induces PPT to PPS conversion that more directly enhances the fluorescence while 
diminishing phosphorescence. This is reflected in our experimental results for a host-
guest device where the PFO EL emission band is enhanced respect to the MEL of band X 
on the expense of the EPH Ir- emission. 
We generalize this result of polaron pair mechanism of MFE in OLED in another 
host-guest system, namely MEHPPV and Pt(tpbp). The EL spectra of the new host guest 
pair are shown in Figure 3.18. MEHPPV has yellow emission peak at ~2eV and Pt(tpbp) 
has the red emission at ~1.8eV. Figure 3.18(a) is the pristine MEHPPV and 3.18(b) is the 
5% Pt(tpbp) EL spectra. Though the peak at 1.8eV has contribution from MEHPPV 
vibronic emission, we believe there is large contribution from the Pt-complex because the 
MEHPPV 0-1 vibronic transition is at ~1.9eV and the MEHPPV emission is falling faster 
at lower energies. We monitored the MEL at these two different peaks. Figure 3.19(a) is 
the MEL(B) response response of MEHPPV peak which has MELmax =2.27%, whereas 
the Pt-peak (Figure3.19 (b)) has a smaller MELmax =1.26%. This difference can be well 
explained by the above proposed mechanism, where the applied magnetic field increases 
the PPS density at the expense of PPT density which in turn leads to an increase in the 
MEL value for singlet exciton emission in the host and in parallel decreases the MEL 
value for triplet emission in the guest.  We also note that MC = 0.65% in Figure 3.19(c) 
causes equal increase in both MEL and MPH in addition of changing their intensities due 
to interplay between PPS and PPT states. We also did the control experiment to determine 
if this change has contributions from spectral change in MEHPPV after applying 





Figure 3.18. EL spectrum of (a) MEHPPV; (b) blend of 5% Pt(tpbp) in MEHPPV. 










































































Figure 3.19. MFE(B) response in OLED based on MEHPPV/Pt(tpbp) blend. (a) MEL at 
2.1 eV; (b) MEL at 1.8 eV; (c) MC(B) response of MEHPPV/Pt(tpbp). (d)-(f) MFE(B) 
response in OLED based on pristine MEHPPV. 
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emission spectrum for pristine MEHPPV; all the various EL emission bands equally 
increase by ~3.45%, as is shown in Figure 3.19(d) and 3.19(e). We see a positive value of 
2.46% for MC in Figure 3.19 (f) which is similar to the MEL maximum value, as 
expected.  
Similar to PFO-Ir complex, the MEHPPV-Pt complex also shows color 
manipulation by an external magnetic field in the blend system. The magnetic field 
reduces the triplet polaron pair densities that results in an increase of the singlet polaron 
pair densities. Reduction of the triplet pair density is observed in the phosphorescent 
emission of the additive molecules, which are populated via energy transfer from the 
host. We cannot observe it in OLED based on pristine polymers since we cannot directly 
detect the triplet densities because the triplet emission is forbidden (unless there is strong 
SOC that mixes the triplet and singlet characters). 
 
3.3.4 Conclusions 
Host-guest blend OLED devices have the advantage of generating broad band 
white light as compared to single polymer OLED. Here, with the suitable combination of 
the materials (i.e. matching the emission spectrum of the host to the absorption spectrum 
of the guest), we showed white OLED in a single layered device. Moreover, we have 
explored the possibility of color tuning in such blended devices via the magnetic field 
effect, in addition to the current-induced color change. Furthermore, we showed that the 







 3.4 Room-temperature Magnetically-modulated 
Electroluminescence from Hybrid Organic/ 
Inorganic Spintronics Devices 
3.4.1 Introduction 
Organic semiconductors research has largely been motivated by optoelectronic 
device applications which include OLEDs [27, 99] , light emitting field effect transistors 
[100], and photovoltaic cells [101]. Recently, organic spintronics devices such as 
organic spin valves (OSV) [6] and spin-OLED [102] have been demonstrated at low 
temperatures. In spite of this interest surge in spin-related organic devices [33, 55, 103-
105], the quest of spin manipulation that results in electroluminescence (EL) control at 
room temperature (RT) has not been achieved yet, although it has been consistently 
tried. The main obstacles in realizing this goal are the large resistance mismatch between 
the ferromagnetic (FM) electrodes and the organic layer in such a device, the 
shortcoming of carrier spin diffusion length, and limitation of spin-polarized carrier 
injection from suitable FM electrodes at RT. For example, by inserting an insulator 
buffer layer (i.e. Al2O3) between the FM electrode and organic layer in an OSV, a very 
small transport magneto-resistance, MR (~0.15%) was obtained at RT [106]. Although 
tunneling MR (TMR) using an OSV with very thin organic interlayer has been 
successful (showing TMR up to ~6% at RT) [107], this device is passive, namely it lacks 
electro-luminescence (EL) emission, which is one of the main reasons that organic 
spintronics has been intensively studied so far. The same problem applies to inorganic 





(MR>80% [108-111]), but, on the other hand, these devices do not exhibit EL emission. 
In parallel with the recent advances in organic spintronics devices, the magnetic 
field effect (MFE) such as magneto-conductance (MC) and magneto-EL (MEL) in 
nonmagnetic OLEDs has been also intensively explored [48, 112]. The organic MFE 
poses a significant scientific puzzle since it is one of only few known examples of large 
bulk MR in nonmagnetic materials at RT; thus its underlying mechanism has been 
intensely debated [37, 38, 49, 64, 90, 113, 114]. However, the organic MFE response is 
controlled by the internal spin interactions in the active layer, and apparently is enhanced 
when the organic layer is subjected to UV light illumination, or electron beam 
bombardment [87]. The latter conditions are detrimental for OLEDs operation at high EL 
intensity. In addition, the sign of MFE in OLEDs may change unexpectedly according to 
the device ‘history’ of operation [86].  
In the present work, we introduce an approach that leads to giant MR and MEL in 
organic devices at RT, based on hybrid organic/inorganic spin-OLED (dubbed here h- 
OLED). The h-OLED device combines the advantages of an inorganic MTJ device 
having high MR at RT that can be easily integrated with an OLED having efficient EL 
emission, flexibility, and low production cost. This method is universal, meaning it can 
be applied to many OLEDs based on small molecules, polymers, or blends, giving 
electro-phosphorescence (EPH) or EL emission, respectively. These hybrid devices show 
significant (up to ~80%) MEL at RT that covers the entire visible spectral range, namely 







Figure 3.20 shows the hybrid device architecture and its operation scheme. The h-
OLED device contains two sections: the inorganic MTJ and OLED components, 
respectively, which are connected in series; these components may be close to each other, 
or far apart. The devices for the MTJ component were fabricated using a shadow mask 
technique via DC magnetron and ion beam sputtering onto thermally oxidized silicon 
substrates. We used a MgO tunnel barrier in between CoFeB and CoFe ferromagnetic 
(FM) electrodes, where the CoFe electrode is deposited onto a thin CoFeB layer, and an 
IrMn layer which is an antiferromagnet (AFM). This type of MTJ yields the best TMR 
performance at RT (~ 50% to 600%), with an extended B-interval of antiparallel 
electrode magnetization directions [108-111]. In turn, the OLED component is a 
traditional device composed of indium tin oxide (ITO, purchased from Delta 
Technologies)/hole transport layer (PEDOT:PSS)/organic semiconductor 
chromophore/calcium (Ca)/aluminum (Al). The organic interlayer chromophore may be 
based on any molecule, polymer, or polymer/molecule (host/guest) blend with high EL 
emission yield. The π-conjugated polymer polyfluorene (PFO) and poly[2-methoxy-5-(2-
ethylhexyl-oxy)-1,4-phenylene-vinylene] (MEH-PPV) were purchased from American 
Dye Source, Inc. The deuterated poly(dioctyloxy)phenylvinylene (D-DOO-PPV) was 
synthesized in house [55]. The π-conjugated small molecule tris-Alq3 was purchased 
from Sigma Aldrich. The red dopant molecule “Bis(2-(benzo[b]thiophen-2-yl) pyridine-
N,C
3’)(acetylacetonate) iridium(III)” (Ir(btp)2acac) was purchased from Rubipy Scientific 
Inc. The polymer film thickness was varied by using different concentrations of the 





Figure 3.20. Hybrid organic/inorganic spintronics device structure and operation scheme. 
The hybrid device is composed of two components: the inorganic magnetic tunnel 








was grown by thermal evaporation in a vacuum deposition chamber with base pressure of 
10
-6
 Torr, followed by a Ca cathode (25 nm) capped by an Al film (80 nm). Typical 
device area was 1×1mm
2
, and typical thickness varied between 50-200 nm. During 
operation, the h-OLED device was biased at constant voltage, V, and an in-plane 
sweeping magnetic field, B, was applied to the MTJ. Upon sweeping B the MTJ 
resistance R1 switches from ‘low resistance’ (P) to ‘high resistance’ state (AP) (and vice-
versa when sweeping B in the other direction), thus changing the current density in the 
OLED component. This, in turn dramatically modulates the EL emission intensity, even 
though the OLED resistance is much larger than that of the MTJ. We define the MEL(B) 
response by the relation: MEL(B)[EL(B)-EL(AP)]/EL(AP), whereas the MC(B) 
response is obtained from: MC(B)[I(B)-I(AP)]/I(AP)). 
 
3.3.3 Results and Discussion 
A typical TMR(B) response of the MTJ device at V= 65 mV at RT is shown in 
Figure 3.21(a). TMR(B) exhibits an abrupt resistance change at the coercive field Bc1~1 
mT of the top (CoFeB) FM electrode, and at B0=JBc2~50 mT for the bottom electrode 
(CoFe/CoFeB/IrMn), where J is the anisotropy exchange coupling between the AFM and 
the FM layers [108, 109]. The obtained TMR maximum, TMRmax [= (RAP-Rp)/RP] is 
~75%, and depends weakly on V. Importantly, we note the MTJ Ohmic I-V response at 
small bias voltage used here, which is determined by the small voltage drop on the MTJ 
section (~65 mV). Figure 3.21(b) shows the I-V and EL-V typical responses of a MEH-
PPV-based OLED obtained at RT. The OLED I-V response contains two voltage 





Figure 3.21. Inorganic MTJ and OLED. (a) Tunnel magneto-resistance (TMR(B)) 
response of the MTJ at V=65 mV and RT. The red (black) line denotes TMR upon 
increasing (decreasing) B. The respective parallel (P; for B>Bc1, B0) and antiparallel (AP; 
for Bc1<B<B0) electrode magnetization configurations are shown. (b) Typical I-V and 
EL-V responses of a MEH-PPV-based OLED plotted on logarithmic scales. The inset 
shows the MEH-PPV polymer repeat unit. (c) The OLED R-V response plotted on 
logarithmic scales. 
 
















































































































limited current (SCLC) regime. In this SCLC regime,  
where, ‘a’ is a constant and n ≥ 2 is the power dependence of the current with the voltage. 
Fitting this equation in Figure 3.21(c) gives n = 5.8. Here, device resistance, R2, drops as 
a power law in V (~V
-(n-1)
) down to ~120 k at ~ 4.7 Volt (Figure 3.21(c)). The three 
orders of magnitude drop in the OLED resistance is very significant, and points to the 
advantage of realizing relatively large MR values in bipolar OSV devices in the SCLC 
regime, as recently demonstrated for a spin-OLED [102].  
When the two device components, namely the MTJ with resistance R1~4.7 k 
and OLED with resistance R2~120 k are connected in series at 4.7 Volt, it seems that 
the TMR change, R1 = 2 k (from RP of 2.7 k to RAP of~4.7 k; Figure 3.21(a) 
achieved with B applied on the MTJ component would barely affect the total resistance of 
the hybrid device, because of the large resistance mismatch between R1 and R2 at this 
operating voltage. Indeed, if the OLED were Ohmic, we would expect maximum 
magneto-current, MCmax= I/I=-R1/(R1+R2)1.6% at V~4.7 Volt. However, as seen in 
Figure 3.22(a), we obtain MCmax=I/I8.8% for this h-OLED, which is a factor of ~5 
larger than anticipated. This ‘MR amplification’ comes about because the OLED 
resistance, R2 is not constant, but depends on V (or I) due to the nonlinear I-V response of 
the device. In this case, for h-OLED in series combination,  
             (3. 14) 
Since applied voltage V is constant and OLED resistance depends on I or V according to  
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Figure 3.22. MC and MEL in h-OLED. (a) MC and (b) MEL responses of the hybrid-
OLED measured at V=4.7 Volt and RT. The maximum MC value, MCmax, and MEL 
value, MELmax are denoted. 
























































Eq. (3.13), differentiating Eq. (3.14) and setting ΔV = 0 for the device operating at 




             
    
  
  
 (3. 16) 
 
Here, IdR2/dI can be evaluated using Eq. (3.13) as, 
 





      
 (3. 17) 
 








 (3. 18) 
 
This explains the underlying mechanism of the obtained ‘MR amplification’ 
(Figure 3.22(a)); it is due to the OLED nonlinear I-V response which effectively reduces 
R2 contribution to the MR by a factor n (>1). We conclude that under SCLC operation, 
the resistance mismatch between the two device components is not as severe as 
anticipated for an Ohmic R2. Specifically, we can fit the obtained ‘MR amplification’ in 
Figure 3.22(a) using n5.9, which is in good agreement with the measured exponent of 
the OLED I-V response in the SCLC regime (see Table 3.1, and Figure 3.21(b)). Figure 
3.22(b) shows the MEL(B) response of the same h-OLED device, also measured at V=4.7 
Volt and RT. It is seen that MEL(B) response follows that of the MC(B). There are sharp 
MEL increases at Bc1 and B0. Also, the maximum MEL, MELmax=11.3% is higher than 
MCmax, which may be explained by the nonlinear EL-V response (Figure 3.21(b)). This 
shows that the h-OLED device may deliver substantive MEL at RT, which has been one 
of the long-sought goals of the organic spintronics field.  
 
                     
   
  
     






Table 3.1: Summary of the various studied h-OLED devices in this work. The OLED 
resistance, R2, and the I-V characteristic exponent, n (in the I~V
n
 response), refer to the 








D-DOO-PPV Red 60 17.5 2.13 34 81 
Alq3 Green 119 3.3 3.3 5.7 31 
MEH-PPV Red 121 5.8 4.7 8.8 11.3 
PFO Blue 176 8.3 5.2 6.3 9 
PFO 0.02% Ir White 201 3.7 6.0 3.7 4.9 
LED Red 58 27 1.78 43 91 
 
In principle, the h-OLED device may be used at any temperature, with any OLED 
system having EPH or EL emission (or both), based on small molecules or polymers, and 
thus may span the entire visible spectrum. To demonstrate this, we introduce three h-
OLED devices that show giant MEL at RT with emission bands in the red (Figure 
3.23(a); D-DOO-PPV polymer), green (Figure 3.23(b); Alq3 molecule), and blue (Figure 
3.23(c); PFO polymer), which cover the entire visible spectrum; in all cases, B was 
applied simultaneously on both h-OLED components. The polymer repeat units and Alq3 
molecular structure are given in the respective Figure 3.23 panel insets. A summary of 
the h-OLED device characteristics, operating voltage, exponent n, and obtained MCmax 
and MELmax values are given in Table 3.1. Consistent with Eq. (3.16), we clearly see that 





Figure 3.23.  MEL(B) response of three h-OLED devices at RT. The devices are based on 
(a) D-DOO-PPV with red emission; (b) Alq3 with green emission; and (c) PFO with blue 
emission. The red (black) lines are MEL(B) obtained upon increasing (decreasing) B. The 
D-DOO-PPV polymer repeat unit (red), Alq3 structure (green) and PFO polymer repeat 
unit (blue) are shown in the corresponding insets of panels, respectively. (d) MELmax and 
MCmax of the three devices vs. the applied voltage, V plotted on logarithmic scales. 
 



























































































































(OLED) at the operating voltage is reduced, or when the exponent, n in the I-V response 
is large. As in Figure 3.22(b), the obtained MEL(B) response of the three devices follow 
that of the MC(B) response, showing abrupt changes at Bc1 and B0, and MELmax>MCmax 
(Table 3.1). In particular, the room-temperature MEL(B) response of the h-OLED based 
on D-DOO-PPV (Figure 3.23(a)) shows giant MELmax of ~81%, which is very promising 
indeed. In Figure 3.23(d), we plot the obtained MELmax and MCmax of the three h-OLED 
devices vs. the bias V. It is seen that both MELmax and MCmax strongly increase with V (or 
I). This can be explained since the OLED device resistance decreases with V, and this 
further decreases the resistance mismatch between the two h-OLED components. 
Alternatively the denominator in Eq. (3.16) decreases with I, and this causes a MC 
(MEL) increase with V.  
A “white” h-OLED was also fabricated based on a host/guest blend of PFO mixed 
with 0.02% Ir(btp)2acac molecules, in which the PFO (host) shows blue fluorescence and 
green luminescence, whereas the Ir-complex (guest) has red phosphorescence emission 
[115, 116]. The EL spectrum reveals three distinct bands across the visible spectrum, and 
thus the OLED may be considered to be a ‘h-WOLED’ (see spectrum, inset of Figure 
3.24(a)) [117]. MEL(B) response shows the changes of the intensity up to 4.9% at RT. 
Additionally, as indicated by Eq. (3.16), because the OLED has a nonlinear I-V response 
in the SCLC regime, it imposes “MR amplification”, and consequently, the EL emission 
could be readily modulated magnetically. In fact, the concept of “hybrid” technology may 
be expanded to include inorganic LEDs. Figure 3.24(b) shows the MC(B) and MEL(B) 
responses of a conventional inorganic LED device connected to the same MTJ leading to 






























































































































Figure 3.24. MFE response of h-WOLED and h-LED. (a) MEL(B) response of a h-
WOLED devices based on host/guest blend: PFO polymer doped with 0.02 wt% 
Ir(btp)2acac molecules. The inset shows the emission spectrum and its coordinates based 
on CIE (1931) chromaticity diagram. (b) MEL(B) and MC(B) response of a h-LED 
devices based on an inorganic LED. The red (black) lines are MEL(B) obtained upon 








MEL(B)max up to 91% (see Table 3.1). 
 
3.4.4 Conclusions 
In summary, we conclude that the large resistance mismatch between MTJ and 
OLEDs that has been considered a bottleneck for organic-based devices is suppressed due 
to the nonlinear I-V response of the OLED component in the SCLC regime. The “MR 
amplification” principle discussed here suggests a method to circumvent the well-known 
‘resistance mismatch’ between FM injector and organic diodes that prevents large MR 
values in OSV. Our studies show that working in the SCLC regime may improve OSV 
operation. 
The hybrid OLED device with magnetic field controlled EL emission at room 
temperature has the potential for a myriad of applications due to its unique advantages. 
One of the principal advantages is in organic (or inorganic) displays, where the EL 
emission may be controlled by an external magnetic field, providing another operational 
mode for controlling the device EL intensity. In this regard, the magnetic field- 
modulated EL emission can be engineered to be in a remote operational mode, where the 
field acts on one section of the device (the MTJ) and the EL emission comes from the 
emissive section. It provides a way for integrating inorganic MTJ arrays for modulating 
the EL intensity of a large area display based on OLEDs (or LEDs). Furthermore, we 
note that for h-OLED (or h-LED) devices the EL intensity at B~0
+
 is at a minimum, 
since the FM magnetizations are have AP configuration. Consequently, a relatively small 
B (~1mT) increase in the opposite direction may abruptly enhance the EL intensity. 





change of the device EL intensity requires a much larger current change. We thus 
conclude that the magnetically controlled h-OLED (or h-LED) device may consume 
significantly less driven power and perform a more rapid and sensitive EL switch. These 
properties and the large obtained MELmax at RT, when taken together, indicate that the 











Organic photovoltaic (OPV) is an emerging field that has seen a rapid 
development in recent years because of the low cost, flexible device structure, and easy 
fabrication processes [118-120]. In response to the lower power conversion efficiency 
(PCE) of the organic bilayer photovoltaic [15] where donor (D) and acceptor (A) layers 
are deposited sequentially, the scientific community has made promising developments 
with Bulk Hetero-Junction (BHJ) structures [4, 121], where bicontinuous interpenetrating 
network of D-A domains are formed. BHJ photovoltaic maximizes the photon absorption 
from its thick layer of D-A film, and allows the photogenerated singlet excitons to reach 
to the donor-acceptor interface before they disappear by recombination [122]. In a typical 
BHJ structure, D-A blends are spin-coated on a cleaned substrate and sandwiched 
between the electrodes with appropriate electron and hole transport layers [123]. 
Although there has been a significant increase in PCE by taking advantage of the 
versatility of synthesis of organic polymers [21, 124-126], the progress is still not good 
enough to make OPV viable for practical applications, and the complex mechanism of 
charge dissociation at the D-A interface is still under debate. There has been significant 





widening the absorption range using low bandgap polymers [126, 127], optimizing the 
donor/acceptor ratio and the organic active layer thickness [128], using suitable transport 
layers and the electrodes [129, 130], improving morphology [19], and employing the 
tandem cell architecture [118, 131]. Compared to the 5% PCE [132] reported for most 
studied polymer/fullerene blend of regio-regular poly(3-hexylthiophene) (P3HT)/ 1-(3-
(methoxycarbonyl)propyl)-1-phenyl)(6,6)C61 (PCBM),  PCE of 10.6% in tandem OPV 
cell has been reported [118].   
The ideal polymer solar cell in a BHJ structure should exhibit the following set of 
physical properties: a broad absorption with high coefficient in the solar spectrum to 
efficiently harvest solar energy, a bicontinuous network with domain width within twice 
that of the exciton diffusion length, and high donor-acceptor interfacial area to favor 
exciton dissociation and efficient transport of separated charges to the respective 
electrodes [133]. Upon the solar light absorption by the polymer, singlet excitons are 
formed and dissociated by a charge transfer process at the D-A interface [24], leading to 
either long-range charge separation or the formation of bound interfacial charge transfer 
state(
1
CT) [21]. The charge-transfer state, initially in a singlet state, may transform to 
triplet 
3
CT state, recombine to the ground state, or separate into coulombically bound 
polaron pairs (PP) having a relatively long lifetime. The PP may dissociate, and 
consequently generate free carriers that are collected at the electrodes producing current 
in the circuit. The large number of 
3





population, may be formed following the PP or free carrier recombination. If the 
3
CT 
state has higher energy than the polymer triplet state (T1), which is usually the case in 







CT to T1 in the polymer may occur. Though this loss is realized as the 
major loss in OPV performance, and several methods are employed to avoid it, reducing 
the 
3
CT state density by spin manipulation has been largely ignored so far. 
In this work, we demonstrate a method to minimize the triplet loss in OPV. In our 
previous work, we have successfully reported the PCE enhancement in P3HT/PCBM 
device by 18% after adding the spin ½ free radical, galvinoxyl (2,6-di-t-butyl-α-(3,5-di-t-
butyl-4-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxy) in the blend [128]. Here, we report 
a low bandgap polymer, PTB7 (fluorinated poly-thienothiophene-benzodithiophene) 
blended with PC60BM that shows superior OPV performance after adding galvinoxyl 
spin ½ radicals. PTB7 is a low bandgap polymer which contains alternating 
thienothiophene (TT) and benzodithiophene (BDT) blocks (molecular structure shown in 
Figure 4.1 inset) in each repeat unit, and yields high PCE of >7%   in OPV cells based on 
this polymer [123]. Because of the electron affinity difference between the alternating 
blocks, these new copolymers have in-chain charge transfer characteristics that enhance 
broad absorption in both the UV/vis and near-IR regions [135]. Through detailed optical 
and electrical studies of the pristine polymer and its blend with PCBM fullerene in OPV 
devices and the films, we identified that the spin ½ radical facilitates CT states 
intersystem conversion from triplet to singlet contributing to the current generation which 
is verified by increase in short-circuit photocurrent density (Jsc). This idea is further 
supported by our experimental results on the reduction in the polymer triplet state 
measured optically by photo-induced absorption (PA) spectroscopy. We also 
strengthened this assumption by Magneto-PA (MPA) measurements, a powerful 






Figure 4.1. PTB7 polymer. (a) Absorption (blue) and emission (black) spectra of PTB7 
polymer. (b) energy levels in donor-acceptor copolymer. Repeat unit in D-A shown as a 





demonstrate that PTB7/PC70BM, where galvinoxyl has detrimental effect in PCE, does 





CT state. We believe that the efficiency of this process depends on the 
resonant condition of radical’s singly occupied molecular orbital (SOMO) level with the 
CT states. We note that the underlying physics is completely different when the polymer 
triplet state is higher than the charge transfer state as in the case of P3HT/PCBM [134, 
136]. In this case, the spin ½ radical plays a role in defining the steady state density of 
polaron pair triplet and singlet states in the polymer donors rather than the CT states, as 
explained in our previous work [128].  
In the last section of this chapter, we report the substantial differences in the 
device performances based on P3HT/PCBM BHJs under different conditions. First, the 
PCE of the devices depends on the molecular weight of the polymer, and is higher for 
devices with high molecular weight P3HT [137]. Second, regio-regular P3HT forms the 
large domain size and lamellar structure compared to regio-random P3HT; this eases 
carrier transport through the active layer, reduces the recombination, and exhibits higher 
PCE [20]. Finally, device performance after adding galvinoxyl spin ½ radical in the blend 
is reported [128]. 
 
4.2 Experimental 
PTB7 polymer was synthesized by the Luping Yu group at the University of 
Chicago; P3HT was supplied by Plextronics, Inc.; PC60BM and PC70BM were 
purchased from the American Dye Source, Inc.; and galvinoxyl was purchased from 





polymer solution is prepared in ODCB at the concentration of 10 mg/ml. PTB7 blend 
films were prepared in the ratio of 1:1.5 by weight in the mixture solvent of of 1,2-
dichlorobenzene (ODCB) and 1,8- diiodooctane (DIO) (97:3 by volume). P3HT blend 
was prepared in the ratio of 1:0.8 by weight in ODCB. Several percentage weight of 
galvinoxyl radical is mixed in the blend to measure the effect of spin ½ radicals. Spin-
coated films are used for the optical and electrical studies. 
For the PA and PL spectroscopy studies we placed the films in a closed cycle He 
refrigerator cryostat at 50K. The steady state PA spectrum was measured using a standard 
setup [137]. We used for excitation a diode laser at ћω=1.8 eV that was modulated at 
frequency f of 310 Hz, and the output beam of an incandescent tungsten/halogen lamp as 
probe light source. The change, T in the probe transmission, T induced by the laser 
pump excitation was measured using a lock-in amplifier referenced at f, a 
monochromator, and various combinations of gratings, filters, and solid-state 
photodetectors spanning the spectral range 0.3< ћω(probe) <2.3 eV. This setup was also 
used for measuring the PL spectrum. The PA spectrum was obtained from the relation 
PA= -T/T, the negative fractional change in transmission.  
The same setup was used for the MPA measurement, with an external magnetic 
field provided by an electromagnet that produced field B up to 1800 Gauss that was 
applied parallel to the film surface. Since the materials of most mirrors and posts contain 
some magnetic impurities that can react with the applied magnetic field, care was taken 
to use nonmagnetic optical elements in our optical setup. In addition, we also performed 
several control experiments to minimize possible magnetic field artifacts. The MPA(B) 





PA at field strength B and PA(0) is the PA at B=0.  
For the DIA measurement, the PTB7 film was doped in iodine vapor for 1 minute 
and the linear absorption was measured before and after doping. For the PADMR 
measurements, we used an optically accessed 3 GHz μ-wave resonator located between 
the poles of a superconducting electromagnet inside the Helium cooled cryostat. For the 
EA measurement, very thin film was deposited on the substrate having 40µm wide gold 
finger electrodes and an ac electric field of 10
5
V/cm is applied at 500Hz modulation 
frequency using a transformer and function generator. 
The OPV device structure was in the form of ITO/HTL/active layer/Ca/Al. HTL 
was a hole transport layer of 40 nm thick film of PEDOT:PSS poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate); the active layer was a ~100nm film of 
PTB7 or P3HT blend; and the cathode was a calcium film (20 nm thick) and aluminum 
layer for protection; the device area was 2mm×2mm. The OPV fabrication comprised of 
several steps. First, the anode ITO substrate was cleaned by ultrasonic treatment with 
acetone, 2% micro-90 soap, de-ionized water, methanol, and propanol; each for 10 
minutes. Subsequently, the PEDOT:PSS was spin-coated onto the ITO substrate, and heat 
treated for 30 minutes at 100°C. The resulting bilayers were transferred to a glove-box 
filled with nitrogen atmosphere, where the PTB7 solutions were spin-coated at 1000 rpm 
and the P3HT solutions were spin-coated at 400 rpm. Top electrodes of Ca and Al layers 
were deposited using a thermal evaporation bell-jar inside the glove-box. The device 
fabrication process was finalized by encapsulating the device with a cover glass using 
UV-curable optical adhesive to minimize the exposure to the air (mainly oxygen). I-V 





NREL) with Keithley 236 Source-Measure unit under AM 1.5 conditions. 
 
4.3 Results and Discussion 
4.3.1 PTB7 Polymer 
Figure 4.1 (a) shows the absorption (blue) spectrum of the PTB7 polymer.  The 
absorption band is red-shifted compared to high bandgap polymers such as P3HT and 
PPV, which enables the device to harness more of the solar spectrum.  This polymer has 
two absorption bands with peaks at high energy (2.0 eV) and at low energy (3.14 eV) 
with the absorption onset at ~1.6 eV which is the optical bandgap. A vibronic replica at 
1.84 eV is also clearly observed. The two absorption bands are justified since this is a 
donor-acceptor copolymer, as schematically shown in Figure 4.1(b). The band at 2.0 eV 
is interpreted as due to absorption from LUMO of donor to HOMO of acceptor and the 
band at 3.14 eV is due to the transition between HOMO of donor to LUMO of acceptor 
moieties in the polymer chain, as depicted in Figure 4.1(b). This is an interesting 
coincidence, as green leaves in plants also do not absorb green, but rather absorb lower 
and higher energies. This kind of absorption is ideal for solar cells, as it covers the large 
range of the solar spectrum in the visible/near-infrared. Figure 4.1(a) shows the PL 
spectrum (black) of this polymer when excited with 660 nm diode laser and measured at 
low temperature of 45K. It has a 0-0 transition at 1.54 eV and 0-1 vibronic transition at 
1.38 eV.  The PL spectrum shows very strong, and almost equal intensity 0-0 and 0-1 
transitions, and no other higher order replicas; The PL quantum efficiency of this 
polymer is 24%; this is very high as compared to 4% for regioregular P3HT. This gives 





From the electroabsorption measurement shown in Figure 4.2, we can identify the 
band at ~1.8 eV as the lowest exciton state, 1Bu. At ~2.2 eV, we can recognize an 
induced absorption feature, assigned as mAg. According to the separation of EA exciton 
contribution (1Bu) and continuum band (mAg), we can estimate the exciton binding 
energy as ~0.4 eV. There are two other Bu and Ag bands at 3.1eV and 3.5eV, 
respectively, which are due to 1Bu and mAg from donor to acceptor moieties and we 
assign them as 1Bu* and mAg*. This kind of higher energy EA features are also present 
in other copolymers, such as PCPDTBT and PDTP-DFBT that we observed in our 
laboratory.  
To understand the polaron absorption band in this polymer, we performed DIA 
measurements of the film at room temperature. For this we exposed the polymer film 
with iodine vapor for 1 minute and the difference in absorption before and after doping 
were measured. The DIA spectrum in Figure 4.3 shows doping-induced absorption bands 
at 0.4 eV and 1.1 eV, respectively. Since there are two polaronic transitions, as 
mentioned in section 1.3.2, these transitions are assigned as P1 and P2. Here, we want to 
emphasize that the DIA is a crucial measurement to help identify the characteristic 
transitions of the polarons in this particular polymer.  
In order to understand the excitonic nature in the polymer, we studied picosecond 
photomodulation spectra of thin film. Transient measurements were carried out by Mr. 
Uyen Huynh in our group with the pulse laser system of high repetition rate 80 MHz and 
low energy 0.1 nJ/pulse. Figure 4.4 shows the PA spectrum at time T= 0ps, 100ps and 
500 ps. The transient spectrum contains three PA bands at 0.4eV, 0.7eV and 1.1eV, 





Figure 4.2. EA spectrum of the PTB7 polymer measured at 40K. 





















































































Figure 4.4. Transient PA of PTB7 film. (a) Spectra at different delay times of PTB7 





singlet excitons. Also from the decay dynamics shown in Figure 4.4(b), it decays faster 
than the other two bands. At the same time, the other two bands at 0.7 eV and 1.1 eV 
have very similar decay (Figure 4.4(b)).  We thus assigned these bands as triplet pairs 
(TT) and triplets (T1), respectively. These bands are nearly instantaneously generated, at 
least within our instrumental response time of 300 fs; and the lack of intensity 
dependence also supports the assumption that they originate from geminate pairs. The 
band at 0.7 eV is assigned as TT pair as it decays while the polarons and the triplet in the 
blend rises with a similar time constant. 
In Figure 4.5(a), we show the cw PA spectrum at 45K. It has a PA band at 1.1 eV 
and there is no polaron band (within the noise level) at lower energy which implies the 
good quality of a defect free polymer. We have performed Optically-detected Magnetic 
Resonance (ODMR) to identify the nature of the excited species in this polymer. PA- 
detected Magnetic Resonance (PADMR) at 1.1eV shows both the full field and half field 
resonance signal as presented in Figure 4.5(b). As explained in section 2.7, these 
resonances are due to the transitions between different spin energy sublevels of the triplet 
excitons. We thus conclude that the CW PA signal is due to triplet excitons. Furthermore, 
PL-detected Magnetic Resonance (PLDMR)(Figure 4.5(c)) also shows the same kind of 
triplet powder pattern. This is explained as PL is influenced by singlet exciton collision 
with triplet excitons in the film [88]. The positive ODMR signal tells us that these 
collisions reduce the singlet exciton density in the polymer film, in agreement with the 
reduction of triplet excitons revealed by PADMR. We can estimate the zero field splitting 
parameters (ZFS), D and E, from the powder pattern by locating the position of steps and 





Figure 4.5. PA spectroscopy of PTB7 film. (a) PA spectrum, (b) PADMR at probe energy 







For Full field resonance: 
For Half field Resonance: 
Divergence at:     
 
 
   
         
(4.3) 
 
 Using Eq. (4.2) and (4.3) and the values H0= 1006G, H3= 1160G, H4=817G, and 
HHF=416G, the ZFS parameters are estimated to be ~510G and ~56G for D and E, 
respectively.  
There is another powerful approach to identify the photogenerated species in the 
film. The technique, called MPA, as introduced in section 2.3 is used here on the PA 
band. MPA response depends on the splitting of the levels involved, and in case of triplet 
excitons, it is due to the different recombination and/or dissociation rate of triplets at 
different spin sublevels in the presence of magnetic field. We measured the MPA full 
width half maximum of ~370G which is much larger than the hyperfine interaction 
(<100G) in π-conjugated polymers, and conclude that the MPA response originates from 
triplets. We see that the triplet excitons’ MPA response has opposite sign to that of the 
Magneto-Photoluminescence (MPL) response of the polymer, as shown in Figure 4.6(a) 
and (b) respectively. When triplet interacts with the singlet excitons, decrease in the 
triplet exciton density in the presence of magnetic field should follow by an increase in 
the singlet exciton density, which is in agreement with our experimental results.  
Steps at:           
(4. 1) 
 
Divergences at:          












































Figure 4.6. Magnetic field effect on PA and PL in PTB7 film at 45K. (a) MPA at 1.1 eV, 





4.3.2 PTB7 Blend 
We studied the optical properties of the polymer mixed with the acceptor 
PC70BM. Blends are prepared in ODCB solvent without and with DIO molecular 
additives, which improve the morphology of the film. Figure 4.7(a) shows the optical 
density of the blend film with and without DIO. The addition of the acceptor molecule 
makes the strong absorption in the higher energy range which otherwise has almost no 
absorption in the polymer. The blend with DIO has nice flat absorption region which 
helps to absorb the solar spectrum efficiently. PL emission from the blends shows highly 
reduced PLQE of 1% and 0.5%, respectively, as compared to the 24% of the pristine 
polymer. This shows the strong charge transfer nature of this blend. Since it is a donor-
acceptor copolymer blend, singlet excitons generated in the polymer are delocalized 









Figure 4.7. Absorption and emission of PTB7/PC70BM blend. (a) Absorption and (b) PL 





molecule and thereby reduces recombination. We will show the superior power 
conversion efficiency of the OPV device based on this blend in section 4.3.3. 
We studied PA spectroscopy of this blend at low temperature of 45K. Here, we do 
not see the significant differences in the blend with and without DIO. Figure 4.8(a) shows 
the PA spectrum in the blend which consists of two bands at ~0.4 eV and ~1.1 eV. These 
PA bands are identified as due to polaronic bands, as verified by the DIA measurements 
shown in Figure 4.3. The PADMR response at 1.1 eV does not show the triplet powder 
pattern and together with the absence of half field response enable us to assign this band 
at 1.1 eV as the polaron band, P2.  
MPA measurements shown in Figure 4.8(c) and (d) of these bands reveal that the 
band at ~0.4eV is the polaron, as it has very small FWHM of ~ 70G which is near the 
typical hyperfine coupling strength in the polymer. MPA at 1.1 eV shows the triplet 
excitonic response with FWHM of ~320G which contradicts the PADMR and DIA 
results. However, if we look carefully, we notice two important details to resolve this 
contradiction. First, the FWHM of the MPA in the blend at 1.1eV is always less than that 
of the triplet exciton in the pristine polymer. Second, the PA of the polymer also lies at 
1.1 eV, which masks the polaronic nature in MPA as MPAmax of the polaron is very small 
compared to the triplets. Therefore, we conclude that the PA at 1.1 eV is due to both 
polaron and triplet which cannot be easily resolved because of the overlap of two PA 
bands. MPA at 1.1 eV is strongly dominated by the triplet as seen in the Figure 4.8(d) 
where we have the high value of MPAmax of 15%, whereas the PADMR at 1.1 eV is 






Figure 4.8. Magneto-optical spectroscopy of PTB7/PC70BM blend. (a) PA spectrum and, 
(b) PADMR response at 1.1 eV. MPA(B) response  at (c) 0.4eV and (d) 1.1 eV. 















































































4.3.3 PTB7 Devices 
Figure 4.9(a) and (b) show the I-V characteristics of the PTB7/PC71BM device 
with and without DIO solvent. As mentioned earlier, DIO improves the absorption and 
morphology of the film, as in the case of other blends with PC70BM reported in the 
literature [123, 138]. The moderate PCE of the device without adding DIO is enhanced to 
almost ~7% from ~5.4%. These devices are fabricated in the same conditions and from 
the same batch of processing materials. The higher device performance can be explained 
by the increased mobility due to better morphology, and reduction of the recombination 
which is reflected in the I-V characteristics under illumination as an increase in short- 













Figure 4.9. I-V characteristics of the photovoltaics of PTB7/PC70BM. (a) without and 





Next, we studied the PCE enhancement in OPV using spin ½ radicals. Earlier, in 
our previous work, we showed that the PCE of P3HT/PCBM devices increases after 
adding galvinoxyl in the bulk hetero-junction (BHJ). Details of the device characteristics  
will be explained in section 4.3.4.3. Here, in the OPV device based on PTB7 polymer and 
PC60BM blend, we obtained significant increase in PCE of the device with galvinoxyl by 
30%, that is, from 5.2% to 6.8%, as shown in Figure 4.10 (a). In the Figure, we show the 
I-V characteristics under AM1.5 sun illumination of the two devices; namely 
PTB7/PC60BM(black) and PTB7/PC60BM with inclusion of spin ½ Galvinoxyl (blue). It 





. We have plotted the Jsc and PCE of devices under sun 
illumination versus % galvinoxyl in Figure 4.10(b). PCE follows the same trend as Jsc and  
is maximized for 2% Gxl device. Device parameters Jsc , Voc, Fill factor, and PCE for 
various percentages of Galvinoxyl are listed in Table 4.1.  
To understand the mechanism of the PCE increase in galvinoxyl added devices, 
we studied the photo-physics of the thin film of the PTB7/PC60BM blend. The blended 
film with and without galvinoxyl is optically excited by the 660nm diode laser and 
probed with the tungsten lamp. In Figure 4.11(a), we show that the PA spectrum with 
(red) and without (black) galvinoxyl additives has two bands at 0.4eV and 1.1eV, same as 
the previously observed bands in PTB7/PC70BM blend. The band at 1.1 eV is the 
mixture of triplet excitons (T) and the polarons (P2) as verified by DIA and PADMR 
measurements, whereas the band at ~0.4eV is due to photogenerated polarons. We note 
that the polaron intensity is higher in the case of the blend with galvinoxyl as compared 





Figure 4.10. Photovoltaic characteristics of PTB7/PC60BM device. (a) I-V plot of the 
device without(black) and with(blue) galvinoxyl.(b) PCE(blue) and Jsc(black) of the 









Figure 4.11. Photo-physics of PTB7/PC60BM. (a) PA spectra of the PTB7/PC60BM 
blend without(black) and with(red) galvinoxyl additives. (b) Ratio of the PA intensity at 







the polaron density at the expense of triplet density, which would dissociate easily into  
free carriers. This effect is summarized in Figure 4.11(b) where the ratio of the intensity 
of the polaron to the band at 1.1 eV is presented. This ratio increases with the % 
galvinoxyl and reaches saturation at high concentrations.  
We further analyzed the PA band at 1.1 eV by applying the magnetic field. MPA 
of the PTB7/PC60BM blend (Figure 4.12 (a)) shows the high MPAmax of ~23% which 
comes from the triplet exciton, as polaron does not show very high MPA and the FWHM 
of ~340G is comparable with the MPA of the polymer (Figure 4.6 (a)). However, after 
adding galvinoxyl in the blend (Figure 4.12(b)), MPA response is dramatically reduced to 
<1% and the FWHM becomes smaller (~230G). As the triplet intensity is reduced, the 
band at 1.1eV has significant contribution from polarons, which influences the FWHM of 
the superposition of two bands smaller. Here, we want to note that the MPA at ~0.4eV 
does not show significant changes in the magnitude; we conclude that MPA from 
polarons is an intrinsic process that does not depend on the polaron density. The decrease 
in triplet density at 1.1eV after adding galvinoxyl is also evident from the ultrafast PA 
result. Figure 4.13 (a) shows the decay dynamics of the 1.1 eV band of the 
PTB7/PC60BM blend with different weight % of galvinoxyl. Earlier, we have shown the 
instantaneous generation of triplet states in the polymer which decay very quickly. In the 
blend, triplets first decay, and then increase again showing a secondary triplet generation. 
This secondary generation process of triplet comes about from another route: It is very 
likely that this occurs through the charge transfer exciton that relaxes back to the triplet 
state at the heterojunction. When the % galvinoxyl increases, the CT triplet density 






Figure 4.12. MPA(B) response of PTB7/PC60BM films at probe energy 1.1eV; (a) 








Figure 4.13. PA decay kinetics at 1.1 eV of (a) PTB7/PC60BM and (b) PTB7/PC70BM 





CT state (the second generation channel) is suppressed, which is in agreement to our CW 
PA measurements. 
To explain how the Galvinoxyl enables charge separation process, we have shown 
the details process of the charge separation in BHJ (Figure 4.14) modified from reference 
[24].  First, photo-excited singlet excitons are transferred to charge transfer states where 
they either dissociate into polarons or relax to the lowest CT state. CT excitons either 
dissociate to free carriers or relax to form triplet excitons, since the CT state’s energy 
level, ~1.27eV, is higher than that of T1, ~0.9eV, in the polymer [134]. We propose that 
the spin ½ additives facilitates the intersystem conversion of singlet and triplet CT states, 
and thereby either enhances or lowers the device photocurrent. If the singly occupied 
energy level (SOMO) of the radical is in resonance with the CT state energy level, then 
this intersystem conversion would be efficient. Whether this interconversion increases the 
triplet or singlet exciton density may depend upon recombination and dissociation rate of  
  
Figure 4.14. Schematic of working principle of PTB7/PC60BM electronic processes in 





those states. In PTB7/PC60BM, we have shown that PCE is enhanced; number of triplet 
excitons is reduced after adding galvinoxyl, implying that it prevents the CT triplet 
formation from the CT singlet. 
We also studied the galvinoxyl effect in PTB7/PC70BM device where it is 
detrimental to the PCE performance. Figure 4.15 (a) shows the I-V characteristics of the 
device in PTB7/PC70BM blend with (red) and without (black) galvinoxyl. In contrast to 
the PTB7/PC60BM blend, the PCE here is lower after adding 2% galvinoxyl from 6.8% 
(Jsc= 18.7mA/cm
2
, Voc= 0.70V, FF = 0.52) to 3.7% (Jsc= 11.0mA/cm
2
, Voc= 0.69V, FF = 
0.49). The decrease is PCE is mainly due to decrease in Jsc, and also a slight decrease in 
fill factor. According to our scheme, galvinoxyl is unable to avoid the major loss due to 
triplet excitons. This may be due to the different CT state energy than that in the 
PTB7/PC60BM blend, which is not in resonance with the spin ½ SOMO level of the 
galvinoxyl or due to faster dissociation rate of 
3
CT than its relaxation rate to triplet 
exciton [24]. In the latter case, device performance is not affected by radical-induced 
singlet to triplet CT conversion; rather galvinoxyl may act as defect and hinders the 
carrier transport which results in lower Jsc and PCE.  
PA spectra of PTB7/PC70BM blends are shown in Figure 4.15 (b). Similar to the 
PTB7/PC60BM blend, we have triplet overlapped with the polaron at 1.1 eV and the 
polaron at 0.4 eV. The band at 1.1 eV is dominated by the triplet excitons, both with and 
without galvinoxyl. MPA of the film without (Figure 4.15(c)) and with (Figure 4.15(d)) 
galvinoxyl shows no difference. In both cases, MPA effect is ~17% and FWHM is 
~350G. Ultrafast decay dynamics in this blend also does not show any sign of 







Figure 4.15. PTB7/PC70BM device and photo-physics of films. (a) Photo-current I-V 
without (black) and with (red) galvinoxyl. (b) PA spectra without(black) and with(red) 





results imply that galvinoxyl radicals cannot reduce the triplet exciton formation in this 
blend. It may be possible to find other spin radicals which match with the CT state energy 
in the blend, and may facilitate the formation of free carriers instead of triplet exciton 
through interaction between CT singlet and triplet states. 
 
4.3.4 P3HT/PCBM Devices 
4.3.4.1 High and Low Molecular Weight 
We have studied the photovoltaic device characteristics of the P3HT/PCBM solar 
cells based on the different molecular weight of P3HT: one polymer has high molecular 
weight (HMW) of 50kDa, and the other has low molecular weight (LMW) of 15kDa. We 
show that OPV cells based on the HMW polymer have ~20% higher PCE than cells 
based on the LMW polymer. The polymer chain quality can be discerned by the variety 
of cw and ps transient optical techniques including photomodulation (PM), 
photoluminescence (PL), and laser action [137]. The HMW polymer film is more 
homogeneous, shows better order, its steady state PM spectrum does not contain trapped 
polarons, and it has a prominent stimulated emission (SE) band and laser action at high 
excitation intensities. Figure 4.16 shows the I-V characteristics of two OPV devices 
under solar illumination. Device parameters: Jsc, Voc, FF, and PCE for HMW device and 
LMW device are 9.9mA/cm
2
, 0.61V, 68%, 4.0%, and 8.8mA/cm
2
, 0.59V, 70%, 3.4% 
respectively. Both devices show very good fill factor (FF) and overall I-V properties. 
However, while the FF and open-circuit voltage of the two devices are similar, the short-
circuit current density, Jsc, is substantially higher in HMW polymer device. The higher Jsc 


















































Figure 4.16. The I-V characteristics under solar-like illumination of AM1.5 of two OPV 






the P3HT polymer quality is involved. One viable mechanism for more efficient carrier 
generation and transport in the HMW polymer domains might be larger exciton 
diffusion/carrier mobility based on polymer quality [139, 140]. It is shown that the low 
quality of the LMW P3HT polymer is manifested in the spectroscopic techniques, where 
it has broader replica lines and smaller 0-0 suppression in the PL spectrum, and the 
occurrence of a transient PA band in the visible spectral range that obscures the transient 
SE band [137]. 
 
4.3.4.2 Regio-regular (RR) and Regio-random (RRa) P3HT 
In donor-acceptor blends with optimum domain separation such as regio-regular 
P3HT/PCBM blend of 1.2:1 ratio, solar cell power conversion efficiency (PCE) is ~4%. 
Instead, in D-A blends with smaller domain size such as regio-random P3HT/PCBM 
blend of 1.2:1 ratio, solar cell power conversion efficiency is ~0.1%. This result is 
explained by the two-step charge photogeneration mechanism in polymer/fullerene 
blends [20]. In RR blends, photogenerated intrachain excitons decay within ~ 10ps and 
no charge polarons are generated at their expense up to ~2ns. There is a buildup of charge 
transfer(CT) excitons at the D-A interfaces having the same kinetics as the exciton decay, 
which dissociate into separate polarons in the D and A domains at much later 
time(>>1ns). In contrast, in RRa blends where the D and A domain sizes are much 
smaller, CT excitons are photogenerated at the expense of excitons much faster. 
However, their dissociation is less efficient because of larger binding energy [141], which 
explains the smaller PCE value. OPV devices are fabricated from the blend of 1.2:1 





PEDOT on it. RR film is annealed at 150˚C for 30 minutes to enhance the D-A domain 
size prior to cathode electrode deposition, whereas RRa film is used without annealing. 
Solar I-V characteristics of the RR (red) and RRa (black) devices are measured and 





, respectively. It is seen that the RR device has an order of 
magnitude higher PCE and short-circuit current density than the RRa device. Other 
parameters Voc and FF are also shown in the inset of Figure 4.17. 
 
4.3.4.3 Spin ½ Radicals Additives 
In addition to optimizing parameters such as material mass ratio, active layer 
thickness, and annealing temperature, numerous other approaches have been tried to 
enhance the efficiency by improving the device morphology, engineering new 
polymer/fullerene materials, manipulating electrode optical properties, and employing 
tandem cell architecture and enhancing optical absorption. In this work, we demonstrate a 
new method to improve OPV efficiency by doping the device active layer with spin ½ 
radicals to reduce PP recombination at the polymer fullerene interfaces. The spin ½ 
radical that enhances OPV performance in this work is galvinoxyl (2,6-di-t-butyl-α-(3,5-
di-t-butyl-4-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxy), a -conjugated molecule with 
C2 symmetry (Figure 4.18(a)). The bulky t-butyl groups on the molecule stabilize the 
radical by keeping other molecules apart thus preventing further radical-radical 
interaction in the solid state. The unpaired electron is delocalized over the entire molecule 
and thus its molecular structure may be regarded as a resonance hybrid of two 





Figure 4.17. The I-V characteristics of two solar cells based on the PCBM blend with 
RR-P3HT (red) and RRa-P3HT (black) donor polymers under solar-like illumination of 
AM1.5. The inserted table gives the device photovoltaic characteristics parameters such 
as short-circuit current density Jsc, open-circuit voltage Voc, fill factor FF, and power 
conversion efficiency PCE in %. 











































Figure 4.18. Effect of galvinoxyl radical in OPV. Molecular structures of (a) Galvinoxyl 
radical, (b) Galvinoxyl precursor which does not possess spin ½ radical. (c) J-V 
characteristics of OPV solar cells of pristine P3HT/PCBM blend (η = 3.4%, Black line), 
the blend doped with 3 wt% galvinoxyl radicals (η = 4.0%, Red line) and the blend doped 
with 3 wt% precursor (η = 2.8%, Blue line) under AM1.5 ‘sun illumination’ condition. 
(d) The change in OPV device properties with galvinoxyl-additive concentration, Jsc 
(triangles) and η (squares), are shown versus galvinoxyl wt% in the P3HT/PCBM blend. 








[142]. We investigated the effect of galvinoxyl doping into a ‘standard’ P3HT/PCBM 
device with 1.2:1 weight ratio. We note that our standard P3HT/PCBM devices were 
fabricated using a well-optimized recipe, and the obtained η-value is ~ 3.4%. Figure 
4.18(c) shows that by doping 3 wt% of galvinoxyl, η increases from 3.4% (short-circuit 
current: Jsc=10.4 mA/cm
2
, open-circuit voltage: Voc=0.6 V, fill factor: FF=0.56) to 4.0% 
(Jsc=11.3 mA/cm
2
, Voc=0.6 V, FF=0.62), exhibiting an 18% enhancement in the power 
conversion efficiency. The 18% increase in η is significantly larger than the standard 
deviation in η-values of our standard devices (±3%); thus doping with galvinoxyl 
unambiguously raises the device η-value. The 8.7% increase in Jsc that accounts for about 
half of the improvement in the device η indicates that carrier generation is enhanced, 
carrier recombination is reduced, or both. Further experimental evidence reveals that 
reduced PP recombination at the D-A interfaces is responsible for this enhancement and 
this enhances carrier generation [128]. The remaining enhancement in η is due to an 
increase in FF indicating a reduced series resistance that results from an improved carrier 
transport due to galvinoxyl doping. Figure 4.18(d) summarizes the P3HT/PCBM (1.2:1) 
device properties for all investigated doping concentrations (1.5-17 wt%). The 
enhancement in Jsc and η induced by the galvinoxyl radicals peaks at ~3 wt%, and 
gradually vanishes with further increased doping. Actually, at high doping level (>10 
wt%), galvinoxyl suppresses the device performance. The optimal doping concentration 
(~3 wt%) at which η maximizes divides the effect of doping galvinoxyl into two regimes: 
an “enhancement” regime, where η increases with doping, and a “suppression” regime, 
where η decreases with doping. Controlled experiments of the doped and undoped 





and XRD measurements [128]. To further check the importance of the galvinoxyl spin 
1/2 properties rather than its doping ability, we measured OPV device performance with 
the addition of ‘galvinoxyl precursor’ molecule that has one extra hydrogen atom, and 
thus does not possess a spin 1/2 radical (its molecular structure is shown in Figure 
4.18(b)). In contrast to galvinoxyl doping, we found that doping with this precursor 
monotonically reduces the OPV device performance (Figure 4.18(d). We therefore con-
clude that the viable mechanism for the OPV η increase with galvinoxyl additives is 
suppression of PP recombination at the D–A interfaces due to the spin 1/2 radicals. 
We studied OPV devices based on P3HT/PCBM blends doped with other spin ½ 
radicals including (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), α,γ-
Bisdiphenylene-β-phenylallyl (BDPA), and bis(1-hydroxy-2,2,4,6,6-pentamethyl-4-
piperidinyl) oxalate (molecular structures in Figure 4.19). However, we observed no 
efficiency enhancement (Table 4.2). Here, we note that not all devices were fabricated 
under ideal fabrication condition, i.e. oxygen level in glovebox higher than 1 ppm, and 
therefore, the reference pristine device efficiencies were not as high as 3.4%. However, 
since both reference and doped devices were fabricated under the same conditions, our 
conclusions are still valid. For an effective exchange interaction, energy resonance 
among the interfacial states (CT excitons) and radicals are crucial. Other radicals than 
galvinoxyl possibly do not have the singly occupied molecular orbital (SOMO) in 











Table 4.2. The OPV characteristic properties under AM 1.5 illumination condition of 
P3HT/PCBM OPV devices doped with other spin ½ radicals. Radicals tested were 
TEMPO, BDPA, and bis(1-hydroxy-2,2,4,6,6-pentamethyl-4-piperidinyl) oxalate, 
however, no efficiency enhancement were observed. 
  Jsc (mA/cm
2
) Voc (V) FF η (%) 
TEMPO pristine 9.3 0.61 0.51 2.9 
3 wt%  10.4 0.61 0.43 2.7 
5 wt% 10.3 0.61 0.38 2.4 
BDPA pristine 7.5 0.60 0.63 2.8 
3 wt% 7.1 0.59 0.64 2.7 




pristine 7.4 0.57 0.66 2.8 
3 wt% 3.2 0.53 0.26 0.4 
6 wt% 1.0 0.55 0.42 0.2 
Figure 4.19. Molecular structures of other tested spin ½ radicals. (a) 2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl (TEMPO), (b) α,γ-Bisdiphenylene-β-phenylallyl(BDPA) 
and (c) bis(1-hydroxy-2,2,4,6,6-pentamethyl-4-piperidinyl) oxalate. Black dot denotes 






We studied the optical and electrical properties of the film and devices of the low 
bandgap polymer PTB7. We identified the triplet transition in polymer that occurs at 1.1 
eV and polaron transitions that occurs at 0.4eV and 1.1eV, as verified by DIA, PADMR, 
and MPA spectroscopies. The formation of triplet excitons in the presence of radical is 
analyzed with the PA and MPA method along with the ultrafast pump-probe 
measurements. Devices based on PTB7/PC60BM blend have shown the enhancement in 
PCE using the spin ½ additives. We demonstrated that the terminal loss of the 
photogenerated excitons into the tightly bound triplet states in the blend where the triplet 
state lies below the CT state can be reduced by manipulating the spins of the charge 
transfer states. This work provides an avenue for improving the PCE of OPV devices in 
addition of existing methods in the field. Also, a comparison is made between the 
devices based on P3HT/PCBM blends of different polymer quality and on the effect of 

















In this thesis, we studied optical and electrical properties of films and devices of 
several organic semiconductors that are used for organic light emitting diodes (OLEDs) 
and organic photovoltaic (OPV) cells. Several optical techniques such as absorption, 
photoluminescence (PL), photo-induced absorption (PA), doping-induced absorption 
(DIA), electro-absorption (EA), photoluminescence quantum efficiency (PLQE), and PA-
detected magnetic resonance (PADMR) have been used to study the long-lived 
photoexcitations such as triplet excitons, polarons, and polaron pairs in the organic 
semiconductor films. Device characteristic parameters of OPV were obtained by 
analyzing Current-Voltage (I-V) characteristics for measuring the photocurrent and 
power conversion efficiency (PCE), whereas Electroluminescence-Voltage (EL-V) 
characteristics including I-V were used for OLEDs. We also studied magnetic field effect 
(MFE) such as magneto-PL (MPL) and magneto-PA (MPA) on films; magneto-
conductance (MC) and magneto-electroluminescence (MEL) on the OLED. The first two 
chapters of this thesis are devoted to introduce the field of organic semiconductors and 
describe the experimental methods used in the present work. Results and discussions of 
our experimental findings are presented in Chapter 3 and Chapter 4 for OLEDs and 





We studied the spin response of various magnetic field effects and magneto-
transport in both protonated and deuterated aluminum tris(8-hydroxyquinoline) [Alq3]-
based OLEDs and spin-valve (OSV) devices. We have shown the role of hyperfine 
interaction (HFI) in MC, MEL, and magneto-resistance (MR) in OSV and OLED. Using 
the spin ½ conductivity-detected magnetic resonance (CDMR) and MR in OSV devices 
based on H- and D- Alq3, we showed that the HFI is a significant spin-mixing mechanism 
for spin ½ polarons in Alq3. In addition, the low field (B<20mT) MEL response is also 
isotope sensitive, showing that HFI-induced spin mixing of polaron-pairs spin sublevels 
also dominates this field response. However, the MC response was found to be less 
sensitive to isotope exchange at low fields, in agreement with previous studies. The 
disparity between the isotope sensitivity of MC and MEL responses in Alq3 indicates that 
the HFI in the MC response is overwhelmed by an isotope-independent spin-mixing 
mechanism. We propose that collisions of spin ½ carriers with triplet polaron-pairs may 
be the main spin-mixing mechanism in the low field MC response of Alq3 diodes. 
We also studied the energy transfer in OLED devices based on host-guest blends 
with different guest concentrations of the fluorescent polymer poly-[2-methoxy, 5-(2’-
ethyl-hexyloxy)phenylene vinylene] (MEHPPV- host), and  phosphorescent molecule 
PtII–tetraphenyltetrabenzoporphyrin [Pt(tpbp); guest]. We used steady state optical 
spectroscopy such as PL, PA, and MPA for studying the energy transfer dynamics in the 
related films. Our study shows that the host triplet exciton density in the blend is 
significantly enhanced, and the emission intensity is highly reduced for both EL emission 
in OLEDs and PL emission in films. The underlying mechanism of this curious behavior 





type energy transfer from ET(guest) to ET(host). This energy transfer sequence has 
profound influence on the PL and EL emission spectra in both films and OLED devices 
based on the MEHPPV-Pt(tpbp) system.  This ‘ping-pong’ type reaction sequence is 
unique to this host/guest blend. Furthermore, the MPA and MPL responses in the blend 
show that the triplet-triplet annihilation (TTA) response occurs at lower laser power in 
the blend, thus verifying the presence of large number of triplet excitons in the blend 
system.   
We have also shown that the magnetic field can manipulate the EL color in 
OLEDs. Host-guest blend OLED devices have the advantage of generating broad band 
white light as compared to single polymer OLED. Here, with the suitable combination of 
these materials (i.e. matching the emission spectrum of the host to the absorption 
spectrum of the guest), we showed white OLED in a single layered device. We have 
explored the possibility of color tuning in such devices via the magnetic field effect, in 
addition to the current-induced color change. We showed that the underlying mechanism 
of this color change is the polaron pair model of MFE in OLEDs.  
We also fabricated hybrid OLED (h-OLED), where inorganic magnetic tunnel 
junction (MTJ) is connected in series with OLED. The advantage of large MR of MTJ 
and large electroluminescence of OLED is combined to produce room temperature spin 
manipulated MEL. The large resistance mismatch between MTJ and OLEDs that has 
been considered a bottleneck for organic-based devices is suppressed due to the nonlinear 
I-V response of the OLED component in the space charge limited current regime. At RT 
the h-OLED devices exhibit up to 80 % giant MEL in the red, green, and blue spectral 





operational mode. The novel h-OLED device opens a new avenue in the application of 
multifunctional organic displays. 
We also studied the optical and electrical properties of the film and devices of the 
low bandgap polymer PTB7 (fluorinated poly-thienothiophene-benzodithiophene). We 
used varieties of optoelectronic techniques such as PA, MPA, DIA, and PADMR to 
identify and monitor the triplet exciton densities. We identified the triplet transition in 
polymer that occurs at 1.1 eV, and polaron transitions that occurs at 0.4eV and 1.1eV. 
The formation of triplet excitons in the presence of radical was analyzed with the PA and 
MPA method along with the ultrafast pump-probe measurements. We found that one of 
the major losses that limit the power conversion efficiency of OPV devices is the 
formation of triplet excitons in the polymer through recombination of charge-transfer 
(CT) excitons at the donor-acceptor interface, and presented a method to suppress the 
dissociation of CT states by incorporating additives such as the spin ½ radical galvinoxyl 
in the bulk heterojunction architecture. We have shown that the 30% enhancement in 
PCE of the cell in the presence of galvinoxyl is due to the suppression of CT 
recombination channel. Also, correlation between performances of a photovoltaic cell 
based on different film qualities such as high and low molecular weight; regio-regular 
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